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PATENT 



Claims 28-30 and 34-51 are presently pending, upon entry of the amendments herein. 



I. The Patent Office Clearly Erred with Respect to Its Handling of Claims 28-30 

The Office Action mailed on November 20, 2002 finally rejected claims 34-5 1 but did 
not reject claims 28-30. In response, applicant cancelled claims 34-51, without prejudice, for 
the purposes of advancing prosecution and receiving a formal Notice of Allowance for claims 
28-30. Applicant's actions were entirely proper as "All rejections previously made and not 
continued in the final rejection are considered as withdrawn." 1 In fact, the Federal Circuit in 
Paperless Accounting ruled that the patent application then of concern was no longer rejected 
under 35 USC § 1 12 in view of MPEP § 707.07(e) 2 for the reason that the examiner failed to 
repeat or refer to the previous rejection in the final rejection. 3 



Because claims 28-30 were not rejected in the November 20, 2002 final office action, 



1 Waldemar Link, Gmbh & Co. v. Osteonics Corporation, 32 F.3 rd 556 at 559 (CAFC, 1994) (citing Paperless 
Accounting, Inc. v. Bay Area Rapid Transit System, 804 F.2d 659, 231 USPQ (BNA) 649 (CAFC, 1986), quoting 
Ex parte Martin, 104 USPQ (BNA) 124, 128 (Supr. Exmr. 1952)) 

1 MPEP 707.07(e): "In taking up an amended case for action the examiner should note in every letter all the 
requirements outstanding against the case. Every point in the prior action of an examiner which is still applicable 
must be repeated or referred to, to prevent the implied waiver of the requirement." [emphasis in original] 

3 The Federal Circuit in Paperless Accounting, Inc. stated at 663: 

" The examiner's rejection of the '196 parent for insufficient disclosure was not "repeated or referred 
to" in the third or subsequent Office actions. The MPEP is not permissive in this requirement. It is 
notable that only claim 36 was rejected in the third Office action as based on new matter. The '196 
disclosure as it then stood, in accordance with MPEP § 707.07(e), was no longer rejected as insufficient. 

The district court referred to Halpern's "failfure] to prosecute his appeal after the examiner's final 
rejection of his claims." Had Halpern prosecuted the appeal of the final rejection of claims 39 and 40, as 
he was entitled to do but did not, the issue of sufficiency of disclosure could not have been raised in such 
appeal. It was not at issue, because that ground of rejection had not been continued by the exarniner. As 
stated in Ex parte Martin, 104 U.S.P.Q. (BNA) 124, 128 (Supr. Exmr. 1952): 

"When an examiner fails to mention a rejection in his final action, it has been dropped by 
the examiner and needs no further response by the applicant. On appeal, only those grounds 
of rejection which have been made in the final rejection and commented upon in the examiner's 
answer to brief are considered by the Board. All rejections previously made and not continued 
in the final rejection are c nsidered as withdrawn. It is not necessary for the exarniner to 
make any specific statement to that effect.' " (emphasis supplied) 
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the PTO withdrew those grounds of rejection to claims 28-30 in accordance with the Federal 
Circuit's ruling in Paperless Accounting. The claims were thus de jure allowed as these claims 
were no longer rejected under any section of the Patent Laws. Accordingly, Applicant cancelled 
the finally rejected claims 34-51 to place the application in condition for allowance, reserving 
the right to present claims 34-5 1 in a continuing application. 

Now, the instant Office Action maintains that the rejection of claims 28-30 was omitted 
in "obvious error." But this is precisely the situation of Paperless Accounting; claims 28-30 
were - by rule ~ allowed and should be so confirmed in a formal Notice of Allowance. 

A) Claims 34-51 Must Be Reinstated 

Whether or not the Examiner follows the dictates of Paperless Accounting, claims 34-51 
must be reinstated as the same were cancelled, without prejudice, only in reliance upon the 
allowed status of claims 28-30. In this regard, Applicant respectfully requests reinstatement of 
the previously cancelled claims 34-5 1 . Indeed, these reinstated claims - being dependent on 
allowed claims 28-30 - should be allowed as well. 

B) The Finality of the Office Action is Clearly Inappropriate and Should be 
Withdrawn 

The finality of the February 14, 2003 Office Action is clearly inappropriate because the 
Office Action is now attempting to finally reject claims that have been previously allowed. 
Under MPEP 706.07(a), second or any subsequent actions on the merits shall not be final where 
the examiner introduces a new ground of rejection that is not necessitated by applicant's 
amendment of the claims. As described above, claims 28-30 must be deemed as allowed in view 
of the November 20, 2002 final office action. Now, the instant Office Action is attempting to 
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finally reject allowed claims 28-30 under 35 USC 1 12(1). Applicant respectfully contends that 
this is a new ground of rejection that is necessitated by the Patent Office's clear error in 
handling the claims, and not by Applicant's amendment of the claims. Accordingly, the 
finality of the rejection is clearly inappropriate and should be withdrawn under the requirements 
of MPEP 706.07(a). 

C) Even Though All Claims Ought to Receive A Notice of Allowance, the Rejection 
is Responded To 

Although claims 28-30 and 34-51 should receive a formal Notice of Allowance without 
the need for further submission by Applicant, Applicant presents the following remarks to 
comply with the requirement under 37 CFR 1.135(c) that Applicant must provide a bona fide 
attempt to fully respond to the outstanding rejections and advance the application to a final 
action. 

II. Rejections Under 35 U.S.C. § 112, First Paragraph 

Claims 28-30 inappropriately stand rejected under 35 U.S.C. § 1 12, first paragraph, for 
allegedly containing subject matter which was not described in the specification in such a way 
as to enable one skilled in the art to which it pertains to make and/or use the invention. 
Applicant respectfully traverses this rejection because the evidence of record indicates that 
those skilled in the art in 1998 having Applicant's disclosure available to them would have been 
able to treat an organism having a disease characterized by the undesired production of a protein 
as defined by Applicant's claimed invention. 

The first paragraph of § 112 requires that the disclosure of a patent application be such 
that persons skilled in the art, having read the patent application, would be able to practice the 
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claimed invention. In re Wands, 8 U.S.P.Q.2d 1400 (Fed. Cir. 1988). There is no legal 
requirement that this be done in any particular manner. An enabling disclosure can be provided 
by the use of illustrative examples or simply by broad terminology. In re Marzocchi, 169 
U.S.P.Q. 367 (C.C.P.A. 1971). The test of enablement is not simply whether experimentation 
would have been necessary, but whether such experimentation would have been undue. See In 
re Angstadt, 190 U.S.P.Q. 214, 219 (C.C.P.A. 1976). The fact that experimentation may be 
complex does not necessarily make it undue, if the art typically engages in such 
experimentation. See Wands, 8 U.S.P.Q.2d at 1404. The factors to be considered in 
determining whether any necessary experimentation is undue include: 

1 . the breadth of the claims; 

2. the nature of the invention; 

3. the state of the prior art; 

4. the level of one of ordinary skill; 

5. the level of predictability in the art; 

6. the amount of direction provided by the inventor; 

7. the existence of working examples; and 

8. the quantity of experimentation needed to make or use the invention based on the 
content of the disclosure. 

Id, (citing Ex parte Forman, 230 U.S.P.Q. 546, 547 (Bd. Pat. App. & Int. 1986)). Any 

conclusion of non-enablement must be based on the evidence as a whole. Id. 

When rejecting a claim under the enablement requirement of § 112, the Patent Office 
bears the "initial burden of setting forth a reasonable explanation as to why [it] believes that the 
scope of protection provided by [the] claim is not adequately enabled by the description of the 
invention provided in the specification." In re Wright, 27 U.S.P.Q.2d 1510, 1513 (Fed. Cir. 
1993). To object to a specification on the grounds that the disclosure is not enabling with 
respect to the scope of a claim sought to be patented, the Examiner must provide evidence or 
technical reasoning substantiating those doubts. Id.; and MPEP § 2164.04. (emphasis 
supplied) Without a reason to doubt the truth of the statements made in the patent application, 
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the application must be considered enabling. In re Wright, 27 U.S.P.Q.2d at 1513; In re 

Marzocchi, 169 U.S.P.Q. at 369. 

Significantly, the Office Action merely doubts the efficacy of using antisense 

compounds as therapeutic agents, in general, and fails to provide any evidence or technical 

reasoning to substantiate these doubts concerning the use of Applicant's oligonucleotides as 

therapeutic agents in particular. Instead of carrying out an enablement analysis as required by 

In re Wright and MPEP § 2164.04, the Office Action improperly concludes that Applicant's 

claimed invention is not enabled simply because the field of antisense oligo therapy is 

unpredictable and/or lacking in enablement - this is impermissibly akin to "guilt by 

association". Moreover, the Office Action on page 3, second sentence, states that: 

"There is no evidence to indicate how or why the five review 
papers referenced in the Office action of May 5, 2002, and which 
demonstrate Applicants lack of enablement, mischaracterize 
the art. . (emphasis supplied) 

which, again, inappropriately suggests that Applicant's invention lacks enablement for the 
simple reason that several review articles have expressed doubts in the field of antisense 
therapy. The Office Action's improper analysis of the enablement criteria is clearly stated in the 
sentence bridging pages 4 and 5: 

". . .it is reiterated that the primary reasons for lack of enablement 
of such treatment in vivo is due to problems with non-specific 
interactions of administered oligos with plasma and/or cellular 
proteins that it encounters before contacting its target, and to 
significant immune reactions to said administration, and finally to 
problems with target access itself, that is entering the cell and 
binding to the transcript so that inhibition occurs". 

Applicant respectfully contends that this statement, at best, pertains to several problems noted in 
the review articles in general, and in no way addresses Applicant's method of using his 
oligonucleotides as therapeutic agents in particular. In this regard, the Examiner has failed to 
provide specific evidence or technical reasoning substantiating any particular enablement 
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problems as required under In re Wright and MPEP § 2164.04. Thus, the Office Action fails to 
set forth a prima facie case of lack of enablement and the application must be considered as 
enabled. 

The successful in vivo administration and treatment of animals with antisense nucleic 

acids is also well known to the art-skilled. However, the office action inappropriately concludes 

from a few select references (Branch, A.D., Trends in Biochem. Sci. (1998) 23(2):45-50 

("Branch"); Braasch et al., Biochemistry (2002) April 41(14): 4503-4510 ("Braasch"); Gewirtz 

et al., Proc. Natl. Acad. Sci., vol 93, pp. 3161-3163 ("Gewirtz"); Agrawal, S. Trends in 

Biotechnol. 1996, Oct; 14(10):376-87 ("Agrawal"); Tamm, I. et al., The Lancet 2001, Aug. 

358: 489-497 ("Tamm")) that the state of antisense-mediated gene inhibition methods in vivo 

for treatment of diseases is highly unpredictable. The Office Action's improper basis for 

rejection appears to be twofold: (1) the Office Action has inaccurately characterized the state of 

the art of antisense oligonucleotide chemistry as much more unpredictable than other drug 

development strategies and (2) the Office Action has improperly required the extreme standard 

that "undue experimentation means no experimentation required for one skilled in the art" for 

the application to be enabled. 

A. The Office Action Inaccurately Characterizes the State of the Art of 
Antisense Oligonucleotide Drug Discovery as Much More Unpredictable 
than Other Drug Development Strategies 

Applicant respectfully contends that the state of the art of antisense oligonucleotide drug 
discovery is just as predictable as that of traditional (i.e., organic chemical compound) drug 
discovery. As with any new drug, a combination of laboratory and clinical testing is typically 
carried out to identify and circumvent a variety problems, such as non-specific interactions of 
administered drugs with plasma and/or cellular proteins that they encounter before contacting its 
target, and to significant immune reactions to said administration, and finally to problems with 
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target access itself, that is entering the organism and carrying out its biochemical effect. Indeed, 

the June 5, 2002 Office Action quotation of Tamm actually suggests the opposite, 

"Tamm et al, concludes by stating that until 'the therapeutic 
activity of an antisense oligonucleotide is defined by the antisense 
sequence, and thus to some extent predictable . . . antisense will 
not be better than other drug development strategies, most of 
which depend on an empirical approach.'" (June 5, 2002 Office 
Action at 6, emphasis supplied). 

Here, the Tamm reference actually is responding to assertions in the antisense field that 
antisense is actually more predictable than other drug development strategies. More 
importantly, it is quite clear from this quotation that Tamm is clearly not suggesting that 
antisense is any less predictable than other drug development using an empirical approach. 
Indeed, Applicants' claimed methods are plainly stated to be those which treat an organism 
having a disease characterized by the undesired production of a protein by contacting the 
organism with "new drugs", wherein the term "new drugs" herein is substituted with 
Applicant's new oligonucleotides. 

Moreover, the Office Action's quotation of the Branch reference for the purpose of 

showing that the art of using antisense compounds successfully in vivo remains highly 

unpredictable is strained, at best: 

"As is true of all pharmaceuticals, the value of a potential 
antisense drug can only be judged after its intended clinical use is 
known, and quantitative information about its dose-response 
curves and therapeutic index is available." (Feb. 14, 2003 Office 
Action at 4) 

Conversely, Applicant respectfully contends that such statement indicates that the predictability 
of using antisense compounds successfully is no worse than all other pharmaceuticals. In 
addition, the instant Office Action quotes Braasch and mistakenly alleges that 



". . .the preponderance of evidence, as summarized in the review 
articles cited in the last Office action, indicates that using 
antisense to provide treatment or prevention of any disease is 
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controversial and unpredictable, as indicated by Braasch. . 
(Office Action at 3, emphasis supplied). 

This statement is clearly false in view of the clinical studies of multiple antisense drugs that 
were underway prior to the publication of the cited review articles. Indeed one of these studies 
resulted in FDA marketing approval of an antisense drug. Accordingly, the Office Action has 
mischaracterized the state of the art by pointing to a select few references that make overbroad 
and erroneous statements regarding certain aspects of antisense oligonucleotide drug 
development. In fact, the references' respective statements have proven to be wrong, thus 
leaving the Examiner's allegations totally unsupported. 

The Office Action mischaracterizes Braasch, for example, for the proposition that the 
state of the art of antisense oligonucleotides is unpredictable and that the technology, in general, 
is unreliable. Braasch, however, actually cuts against the Office Action's position regarding the 
state of the art at the time of Applicants' effective filing date. Specifically, the Office Action 
cites to the first full paragraph of Braasch, in which it states that "over the past decade . . . gene 
inhibition by antisense oligomers has not proven to be a robust or generally reliable technology . 
. . ." This passage merely notes past problems (z.e., those known before Braasch) that since 
have been solved. Indeed, at page 4504, Braasch teaches (referring to references 8 and 14-16) 
that those skilled in the art know how to deliver antisense oligonucleotides into various organs 
of both animals and humans {see, Braasch at 4504 under the heading "Uptake by Cultured Cells 
and Tissue Distribution"). Accordingly, Braasch actually supports Applicants' position that the 
instant claims are enabled. 

The Office Action's reliance on Branch is also flawed because clinical use data, 
quantitative dose-response curves and therapeutic index are not required to be demonstrated by 
the first paragraph of 35 U.S.C. § 1 12. Enablement does not require that the claimed invention 
satisfy the higher safety standards applied to drugs to be used in clinical trials. According to 
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MPEP § 2107.03, "Office personnel should not impose on applicants the unnecessary burden of 
providing evidence from human clinical trials .... it is improper for office personnel to request 
evidence. . .regarding the degree of effectiveness [in humans]." (emphasis in the original) 
Enablement requires only that the application teach how to make and use the invention without 
undue experimentation. This requirement has been met: one having ordinary skill in the art 
would be able to make and use the inventions without undue experimentation using only the 
application as a guide. 

In regards to the concerns voiced, by Branch and repeated in the Office Action that "the 
value of a potential antisense drug can only be judged after its intended clinical use is 
known. . it turns out that antisense drugs were, in fact, already being tested in vivo in a 
clinical setting like other experimental pharmaceuticals. For example, the oligonucleotide 
antisense drug Fomivirsen (ISIS Pharmaceuticals, Inc. ("ISIS"), the assignee of the instant 
application) was approved for treatment of cytomegaloviral-induced retinitis by the FDA in 
1998. More importantly, the Investigational New Drug Application ("IND") for Fomivirsen 
was filed with the FDA in 1993 - five years prior to Branch's publication. Thus, unbeknownst 
to Branch, while he was questioning the use of antisense oligonucleotides in vivo, those skilled 
in the art were already gathering such data in vivo in support of their IND well before 1993. 
Many other oligonucleotide antisense drugs are currently involved in clinical trials {see, e.g., 
Tamm et al. (the Lancet (2001) 358:489-497 at 490)). 

Significantly, a search of the art of antisense oligonucleotides reveals approximately 
16,986 references that comprise the "state of the art" of antisense oligonucleotide chemistry (see 
Exhibit A). 4 Out of the 16,986 references, the instant Office Action has focused on select 
statements in five references to characterize the entire state of the art. While surveying the 



4 The entire search spanned a total of 850 pages. Selected pages of the search are included as Exhibit A. 
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teachings of each of the 16,986 references is not practicable here, Applicant submits that, not 
only has the Office Action not considered the art that contradicts the statements in the five 
references selected upon which it relied, but that some of the statements relied upon by the 
Office Action have been clinically proven to be false. 

In addition to Branch, Braasch and Tamm, the earlier June 5, 2002 Office Action also 
inappropriately relies on Gewirtz and Agrawal to show alleged unpredictability in the art, 
alleged lack of stability, specificity, and cellular uptake of oligonucleotides, as well as alleged 
lack of accessibility of binding sites. Significantly, however, it is improper to base a conclusion 
about the entire state of the art of antisense oligonucleotide chemistry upon these few references 
when so many other references contradict their teachings. 

For example, attached hereto as Exhibits B-D are selected chapters form a book entitled 
Antisense Drug Technology (Marcel Dekker, Inc., (2001)). This book is a compilation of 
antisense-related references published throughout the 1990's, which, for the most part predate 
Applicant's earliest priority date. Chapter 5, entitled "Methods of Selecting Sites in RNA for 
Antisense Targeting" (Exhibit B), and the supporting references cited therein, illustrate that 
those skilled in the art do indeed consider antisense oligonucleotide chemistry to be predictable. 
For example, Chapter 5, at page 111, states that "[o]ne attraction of antisense technology is that 
high specificity can be achieved." The supporting references that are citied in support of this 
statement, i.e., references 1 1, 63, and 64, were published from 1994 to 1999. Accordingly, 
Chapter 5 of Antisense Drug Technology, along with the supporting references cited therein, 
teaches that the state of the art of antisense oligonucleotide chemistry is indeed predictable and 
that those skilled in the art would not have had to partake in undue experimentation to achieve 
binding specificity, thus directly contradicting the allegations of undue experimentation in the 
June 5, 2002 Office Action on page 7. 
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Likewise, Chapter 7 of Antisense Drug Technology entitled "Suborgan 
Pharmacokinetics" and the references listed therein (Exhibit C) teach that the efficacy and 
safety of certain oligonucleotides in various animal models and in the clinical setting have been 
well documented (page 1 1 1). Chapter 7 further teaches that, in various animal models, not only 
can oligonucleotides be given directly without a carrier, but that such oligonucleotides are 
consistently (i.e., predictably) and unequivocally localized within the cells of various organs. 
Chapter 8 summarizes the art with respect to modulating the activity or production of proteins 
with respect to human subjects (Exhibit D). Accordingly, Chapters 6 (Exhibit I) and 8 of 
Antisense Drug Technology, along with the supporting references cited therein, teach that the 
state of the art of antisense oligonucleotide chemistry is indeed predictable and that those skilled 
in the art do not have to partake in undue experimentation to modulate the production or activity 
of a protein in an organism, thus directly contradicting that alleged in the Office Action. 

Another reference that was not considered by the Office Action is Whitesell et al., 
Antisense Res. Dev. (1991) 1:343-50 ("Whitesell") (Exhibit E). Whitesell teaches that those 
skilled in the art as far back as 1991 were successful in in vivo modulation of N-myc expression 
in mice. Similarly, Mirabelli et al., Anti-Cancer Drug Des. (1991), 6, 647-661 ("Mirabelli") 
(Exhibit F) evidences the state of the art as far back as 1991. At page 651, fourth full 
paragraph, Mirabelli notes that "the therapeutic indexes of phosphorothioate oligonucleotides 
appear to be quite high" and that "certain phosphorothioates . . . are extremely well tolerated in 
animals." Accordingly, Whitesell and Mirabelli provide evidence that the state of the art of 
antisense oligonucleotide chemistry was not as embryonic as the Office Action would lead one 
to believe. Moreover, Whitesell and Mirabelli provide evidence that as far back as 1991, one 
skilled in the art would not have to conduct undue experimentation to modulate the production 
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or activity of a protein in an organism, such as for treating a disease characterized by the 
undesired production of such a protein. 

Yet another reference not considered by the Office Action is Crook, Ann. Rev. 
Pharmacol. Toxicol. 1992, 32:329-76 ("Crooke") (Exhibit G). Crooke is a 1992 review of the 
art and, at page 342, provides evidence that those skilled in the art were conducting in vivo 
pharmacokinetic data in mice and rats. 

Still another reference not considered by the Office Action is Cossum et al., The Journal 
of Pharmacology and Experimental Therapeutics (1993) 267:1181-1190 ("Cossum") (Exhibit 
H). Cossum discusses non-antisense effects and avoiding them in vivo by not using doses that 
are significantly greater than the antisense effective dose. Thus, by 1993, the skilled artisan 
knew how to avoid non-specific effects. Moreover, Cossum evidences that, by 1993, those 
skilled in the art were delivering antisense oligonucleotides in vivo where the only carrier was a 
phosphate buffer. 

The Office Action has clearly ignored the state of the art as a whole. Indeed, as 
indicated above, the "state of the art" of antisense oligonucleotide chemistry includes much 
more than the five references upon which the Office Action relies. Moreover, as evidenced by 
the drug Fomivirsen and other compounds that are in clinical trials, those skilled in the art have 
proven that much of the prophetic criticism cited in the Office Action was simply wrong. 
Accordingly, the Office Action has unfairly mischaracterized the state of the art of antisense 
oligonucleotides. For this reason alone, the rejections for alleged lack of enablement should be 
withdrawn. 
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B. The Office Action Improperly Requires an Extreme Standard that 
"Undue Experimentation Means No Experimentation Required for One 
Skilled in the Art" for the Application to be Enabled. 

Applicant's specification includes many examples demonstrating the use of his new 
oligonucleotides in both in vitro and in in vivo studies. The in vitro studies show the 
modulation of ICAM-1 protein expression in HUVEC cells, while the in vivo studies show the 
modulation of protein binding and tissue distribution in male Sprague-Dewey rats using I. V. 
bolus administration of 3 H radio labeled oligonucleotides. Applicant respectfully contends that 
one skilled in the art, equipped with his specification, would be able to treat organisms having a 
disease characterized by the undesired production of a protein, such as ICAM-1, with his new 
oligonucleotides. However, in rejecting Applicant's claims for alleged lack of enablement, the 
Office Action has improperly required Applicant to provide more than the supplied 
combination of in vitro and in vivo studies to prove enablement (Office Action at 5) - the Office 
Action seems to require actual clinical data showing protein expression was indeed modulated 
in an organism. Thus, the Office Action expresses the position that Applicant not only should 
carry out in vivo experiments to prove enablement (as Applicant as done), but such in vivo 
experiments should preferably report a variety of data, which pertain to problems associated 
with: 

"non-specific interactions of administered oligos with 
plasma and/or cellular proteins that [oligos] encounter before 
contacting [their] target, and 

to significant immune reactions to said administration, and 

finally 

to problems with target access itself, that is entering the 
cell and binding to the transcript so that inhibition occurs." 
(Office Action at 5, parsing supplied) 

Applicant respectfully contends that such data is comparable in breadth to that required by the 
FDA and generated in clinical trials, which is clearly not required to show enablement of any 
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new drug treatment under the patent laws. The Office Action's calling for this quantity of data 
amounts to requiring the completion of clinical studies and ascertaining the molecular biological 
mechanism between the oligo and its target - demonstrating that the Applicant had this amount 
of data is clearly not required by the first paragraph of 35 U.S.C. § 1 12. Indeed, enablement 
does not require that the claimed invention satisfy the higher safety standards applied to drugs 
to be used in clinical trials. According to MPEP § 2107.03, 

"Office personnel should not impose on applicants the 
unnecessary burden of providing evidence from human clinical 
trials. . .it is improper for office personnel to request 
evidence. . .regarding the degree of effectiveness [in humans]." 
(emphasis in the original) 

Enablement requires only that the application teach how to make and use the invention without 
undue experimentation. This requirement has been met — one having ordinary skill in the art 
would be able to make and use the inventions without undue experimentation using only the 
application as a guide. In view of the synopsis of the state of the art of antisense 
oligonucleotide chemistry provided above, Applicants' claims are nonetheless enabled with 
respect to treating organisms characterized by the undesired production of a protein. 

As detailed above, the art as described in the chapters from the collection entitled 
"Antisense Drug Technology" (Exhibits B-D), Whitesell (Exhibit E), Mirabelli (Exhibit F), 
Crooke (Exhibit G), Cossum (Exhibit H) and even those references relied upon in the Office 
Action such as Braasch, Branch and Taam, show that those skilled in the art indeed knew how 
to modulate the activity or production of a protein for treating an organism with at least some 
measurable amount of success. 

The Office Action unfairly (and incorrectly) minimizes the well-documented evidence 
that those skilled in the art would know how to use the oligonucleotides, as claimed by the 
Applicant, to treat a disease in vivo. As noted above, the antisense oligonucleotide drug 
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Fomivirsen was approved for treatment of cytomegaloviral-induced retinitis by the FDA in 
1998, and its Investigational New Drug Application ("IND") was filed with the FDA in 1993. 
Significantly, pre-clinical animal experiments were performed and completed prior to filing the 
IND for Fomivirsen in 1993. 

There is no requirement under the first paragraph of 35 USC § 1 12 that Applicant must 
actually treat an organism having a disease characterized by the undesired production of a 
protein. Indeed, all that is required is that those skilled in the art be able to use the invention to 
some measurable extent. Since this requirement has been satisfied (as is well-documented in 
the art), Applicants respectfully request that the rejection for alleged lack of enablement be 
reconsidered and withdrawn. 
Conclusions: 

Applicant requests the Examiner to: 

(1) reinstate claims 34-51; 

(2) withdraw the finality of the rejection; 

(3) reconsider and withdraw the rejection of the claims; and 

(4) pass claims 28-30 and 34-51 to allowance. 

If the Examiner is of contrary view, the Examiner is requested to contact the 
undersigned attorneys at 215-568-3100. 
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Attached hereto is a marked-up version of the changes made to the claims by the current 
amendment. The attached page is captioned "VERSION WITH MARKINGS TO SHOW 
CHANGES MADE". 

Attached hereto are Exhibits A-I as described herein. 



Woodcock Washburn LLP 
One Liberty Place - 46th Floor 
Philadelphia PA 19103 
Telephone: (215) 568-3100 
Facsimile: (215)568-3439 



Respectfully submitted: 



Date: March 25, 2003 





Jeffrey PT. Rosedale 
Registration No. 46,018 
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VERSION WITH MARKINGS TO SHOW CHANGES MADE 



In the claims: 

Please reinstate the following claims: 

34. The method of claim 28 wherein Ri is -0-CH 2 -CH 2 -0-CH 3 . 

35. The method of claim 28 wherein n is about 5 to about 50. 

36. The method of claim 28 wherein n is about 8 to about 30. 

37. The method of claim 28 wherein n is about 4 to about 15. 

38. The method of claim 28 wherein n is 2 to about 10. 

39. The method of claim 29 wherein R x is -0-CH 2 -CH 2 -0-CH 3 . 

40. The method of claim 29 wherein R 2 is H, and R3 is OH. 

41. The method of claim 29 wherein R 2 is a phosphodiester-linked oligonucleotide or a 
phosphorothioate linked oligonucleotide. 

42. The method of claim 29 wherein R3 is a phosphodiester-linked oligonucleotide or a 
phosphorothioate linked oligonucleotide. 

43. The method of claim 29 R 2 and R3 are each a phosphodiester-linked oligonucleotide or 
phosphorothioate linked oligonucleotide. 

44. The method of claim 30 wherein Ri is -0-CH 2 -CH 2 -0-CH 3 . 

45. The method of claim 30 wherein R 2 is H, and R3 is OH. 

46. The method of claim 30 wherein n is about 5 to about 50. 

47. The method of claim 30 wherein n is about 8 to about 30. 
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48. The method of claim 30 wherein n is about 4 to about 15. 

49. The method of claim 30 wherein n is 2 to about 10. 

50. The method of claim 30 wherein W 2 is a plurality of covalently bound nucleosides 
linked by phosphodiester linkages. 

5 1 . The method of claim 30 wherein W 2 is a plurality of covalently bound nucleosides 
linked by phosphorothioate linkages. 



3 



I 

b 
o 

b 
3 

3 

do 
o 
< 

iT 

c 

JO 

qc 
O 

o 
Jl 

o 
ST 

8 
1 

a 



o 

to 
o 
o 
to 



s 5 ^ 

3. 2 

C CD 

c » 

si 
Is 

- 3. 

5 i— r 
< C/3 



■71 

[i 

S 
:» 

N 
> 

3. 



oo 

oo 
On 



H 
cr 
o 

Q 

CD 
D 
CD 

r 

o 
o 
c 

CO Ion 
w 

3. 
8 

N 

tn 

O 
EL 
S 

B 

< 

IT 

r> 
S 

3 

:g. 

;5* 



O 

a. 

3' 

ET 
c- 
o 

I 

3' 

CD 

a 

o 

c' 

a. 



Ctt 

H 

CD 



o 



9 

£ 



rr 



CD > 
55 o 



< 
o 

a 



CD 

cn 



03 



TJOQOH2073 
c =*«0 Oi~S CO 

S n S w $ ^ 5 

1? Q) CD ^ c 

2^ « CD 

oo c ~ 

- < 5 



D5 

O 3. 
O Q 



2. 

2i 

CD 

a. 
7J 

CD 
O 

c 

rs 



si' 
}s 

CP g 

w 

CD 



2 n 
£ g 

O ST * 

SO Sa CD 
o 5. h 

^3 
a- < ■• 
2' o 

3 « & 

E6 > 
VO 



n 

■ I 

I— f < 

i 

s 
m 

s 





3' 


S' 






c 


3 






£9 


S" 


C 
V* 


a> 


rp 


o 
B 




ice 








i 




o 




& 












S 
















1. 








a 




C/3 





o X 

»" 1 

O Cft 
3 CD 

n 



5 a- 

gen 

a- 2 

CD CD 



5** z as" — , =■ 

to sr 

o 



> € 

O 



ST 

> 

CD 



7T 

CO 




m 

■N 



or 

2. 



era 
a 



b 
rs 
a* 

b 

3 
5. 

oc 
o 
<^ 
rT 

5 

3 



3 

as 

i 



NJ 
O 
O 
to 



in 



^4 
ON 



Q ?5 



SO 

:S b. 



CD i 



r 



2 



j-i CD 
i O 

NO 6« 

en 

a 



is 
p 



r 

o 

n 

3 



CO 
T3 
O 

o 



9 
5" 



CD 

c: 

V) 



< 

n 
< 

5" 



C =: =: o O I~ 5 

v 2. 3. => y ?9- 



£ ( £ M CD 
~ < 5 



1° 



CD 

a 

73 
ro 
w 
o 
c 

-1 

o 

CD 



w c 3 5 Si 3 « g c 
sr g £2. STcfl co§ o- 



n 



a • V §■ P- 

R — 3 o < 



sr 

CO 

o 

CO 



2 



33 
2. 

a 
> 

CO 
CO 



3 









a 








CO 




Q 




Q. 










CD 








I 


i 


> 








a 


8 


CD 








r— 













CD 3 

5 



CD 

I 



3 




I 



o 
ST 

3 



OQ 

o 

I 



(V 

s 

If 



o 
o 
to 



~1 



sb a 

C I-? 52 
. . !□ cd 

oc o 
un » 

c sr. 

2 S § 

8. > a 
c u> a 

C/J 

U £ £ 

< 

09 



1* 



I/O 



30 
CD 



CD 
Q. 



CD 



3 

CO 



3. 
< 
03 
O 



=: © 



cr 3 

CD M 

O S' 



n n 

» c 

> <c 

CD 



9 to 3. z: 



=7 CO 

— < 



3 ^ CS3 ^ 

-erg S 



o 

I ■ 

IC/1 



Co ii 22 
S - §f 

On ^C/J 
■ — , so "T3 

^ w 3 
Sera 8 

?-8f. 

£ ' 

2 S. 

w ~ 

5 5 



m 



3- 
9 
O 

cr 
3 



a 
E 

CO 

i 

N 
o 



< 



33 

Q 

03 

CD 

a. 
> 

<V 

CD 

in 

|— 

3* 

CO 



CD 
cn 



5 ^ 5 
S" 8 

<3 2- 

— VO CA 

PI 

2 « « 

* ss| 

2 i ^ 
O- Cs c 
a P 

6 • ^ 



o 

O 



a- 

•3 

CD 

I 

§ 

o 
a 



□ 



4t 
9 

a 

o 

*: 
cr 
n 

\ 

a 



2 I* 



CD 

S a 



O 

n 



OS 
a. ?r 

si 

?7 



CD 



a> 
a. 

> 

o 



„ CD 

1. 8. 



W2 

3 O 
OX 

ii 

o M 

o 
zr 

CD 



_ S 

"S. 



&2 

0} ^. 
cn O 
CD CD 

m 



iii-3S 

o 




m 

3 

3 

N 



CD 



3C 

cn 



-3 



3 
O 

cr 



3 

3 



3 

C 



3 



OS 

ST&. 

5? O 

00 

On 



o 



a 

Si 



si 

* cr 

W 

5' 
a" 

*< 

§ 

CD 



< 
i— r 

o 



c/3 

f: 

a 

2: 



o 
o 
to 



73 

Si 
c. 



3 



03 

o 



^ 5. 5. ^ - ^ 
m 5? n ^ 



CO 



Son-. 

X 0) 03 C 
_ ^ > CD 

Sfii 

m o ^ 
— < ^ 



2 2 » 



O 
CD 
W 



5 n n 

S3 3 



sc 



o 

o 

S5 



^ cs 

00 O 

n 

o — ■ 

On — 



a. 

r 



2 3 



■s 

cr. 
o 
g. 

5" 
cr 

a 

5' 

OP 

o 
"-4 



3" 



o 

O 

3 

d a. 
> 

g. 

CD 



~ o §■ 8 ? " 8. 

c 91 ST g O M 

S 2 * FT 

Sr Si cd CD 

~ o CP 



£9* 



m z h 

S52 3 

"Id" 

3" 



IT 




C5 

S 

c 
cr 



o 



3 

O 

b 
3 



00 

o 
< 

o 

1 



? 



§ 
o 

o 

o 
to 




3 

is 

do 

ON 

C 



S- 2 



a 
a, 

o 

8 



2 

C 
r 

2 



1? 

! 

b 

o 
a; 

B. 

era 
o 
<^ 

o~ 
a 

sr 

c 



crc. 

J! 



en 



N 

i 



o 
a. 



O 



P 



12 



© 

o 
o 



7) 
CD 



CO 



3 

CO 




03 

a 
c 



9 
4* 
ro 

09 
4* 
UJ 

00 



3 

CT 
o 

s 

1 

c 



3 

o 
or 

3 
b 



era 
c 
< 



ft 

! 

S 
3 



a. 



3*3 



05 

3 

Z 

a 
a) 
CD _z 

3 
&} 

c/) 

CD 

o 
© 



S 1 

CD 

I 
a 

D 
ro 

GO 



" <t o S 

S»3 o 

^ - 3 *3 

s ^ a g. 

S > p o 

S c t q 

o 00 (TO s. 

3'3 1. 1 

o. _ ^ 
2 »cra 
1^ g 6 

ft- i 3 3 
m. so O co 

cr o «o 

Si O 



o 
ST 
3 



o 
nS 
o 
o 



a 



3 

09 

5 



00 
4t 
CD 



2 



c 



< 



T3 
c 
O" 

c. 
CD 
O. 

O 

CD 

a 



o n o h z Q 

R n CO £i 5 



m 03 C 



o 

CO 

cc 



o 
cr 

i 

cr 
c 

cd 
9 
o 

3 
cd 



71 

ge§l 

o « > h 

£ 00 

o » . CD :> 



<> 3 
^ o 

i—r 

5' 
s 

03 



o 1 5. 



s; 

en 
r 



tsr 
a 

D3 



CD 

§' 

o 



> 



n 



£3 

5 



o 

O 



3 

3 

5 
o 
cT 



CD_ 

E 
S" 

CL 

XI 

Q 
tn 
o 
c 

o 

CD 
CO 



C □ = g! D Q ? C 



= = * ^ " 
^ 3 A> 

§| 
2 S> 



o =• =?. 



CD « 




71 
2. 

Hi 

&7 

> 

o" 



3 

ST 



30 

i 

a. 

> 
3. 

fV 

CO 

cn 



3 



33 

2. 



ST 



3 

2. 

03 

CD 
C 

> 

a 

n* 



3 



— 2 S < 

w cp -> * ^ 92. 
I O c o 

^ 2 

CD 
CL 



90 

a 

o 
o 
'3 



D3 

n 



5 2 



*c > 

ui 2. a. 
— — cd 

S->3 

"SB 
mo 

£J ^- 

gr 

o 

(TC 

s 



o 

CD 

2. 
cr 

ST 

B 

cr 



n 



> 

c 

m 

CD 
N 



f 



CO i 



CD 



' T3 

r C 

. cr 

; cd 

: & 



- 1§ 

09 
(D 



-o ! 

S : 

tl 

CD t 



X 

CO 

o 
3 



c 



Q. 




o 
3 



33 

09 

o. 



3 
CO 



0J 
00 

s 

UI 
GO 

cn 

00 
-si 
09 
09 
00 

to 

00 

in 



c 
E 



2* 
5* 

b 
< 

c 

CD 



3> 
CW 

r-H 



CD 
CD 

& 

3 

I 
i 

o 



1 



O 

CD 

o 

= 

at 



^ 3. 



O 
CD 

CD ^ 

I 
c 

w 

CD 

2 

s* 
a> 



"1 

a 2. s. c 
s^i i= 

S. V» ^ 

x o >- 
« ST 

s» 0 ST 

tr> 00 51* 

g 2 
2 3 

m C. 

S 

CD 

c 

co- 



co 
CO 

•s 



CO 

CD 
CO 
CO 



GO 



5 



30 
CD 



N 

As 
c 
cr 



3 

O 



a. 



_ 01/16/2003 18:48 FAX 760 603 3820 



I -> WOODCOCK 




Methods of Selecting Sites in RNA 
for Antisense Targeting 



Susan M. Freier 
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L INTRODUCTION 

The mechanism of action for antisense oligonucleotides requires that ihe oligonu- 
cleotide hybridize to its mRNA target. Therefore, in principle, design of an ami- 
sense oligonucleotide requires simply thar the oligonucleotide be complementary 
to the mRNA. In practice, however, when several oligonucleotides complemen- 
tary to an mRNA are screened, certain antisense oligonucleotides are more active 
and more potent than others in suppressing specific gene expression (1-12). In 
addition, some complementary oligonucleotides can show nonantisense effects 
(13-15). The most commonly used and most effective approach to discovery of 
antisense oligonucleotides involves synthesis of numerous oligonucleotides (up 
to several dozen) designed to hybridize to different regions of the targeted 
mRNA, followed by activity screening in cells (16), 

Several attempts have been made to identify features of oligonucleotides 
that arc associated with antisense activity. Development of successful methods 
for selection of active oligonucleotides prior to oligonucleotide synthesis and 
cell-based screening would have two benefits. First, the cost of antisense discov- 
ery would be reduced, if a computer algorithm could pick the most active com- 
pound for an antisense target, then synthesis and screening of multiple com- 
pounds couid be eliminated. Second, identification of the features associated with 
specific and nonspecific effects of oligonucleotides would likely lead to a better 
understanding of the detailed mechanism of antisense activity and, potentially, 
to identification of compounds with even greater potency. This review will dis- 
cuss methods that have been used to select antisense oligonucleotides, the 

107 




3i» 



108 



Freier 



effectiveness of ihcse methods, and the prospect for improved methods in the 
future. 



II. RNA STRUCTURE CALCULATIONS 

11 has long been assumed That activity of an antisense oligonucleotide is directly 
relied to the hybridization affinity of the oligonucleotide for its mRNA target. 
Support for this assumption comes from the observation that, at a given target 
site, longer oligonucleotides are more active than shorter ones (17). In addkion, 
at a given site, oligonucleotide modifications that increase the melting tempera- 
ture (7 m ) of the oligonucleotide-RNA duplex, often increase anii.scn.se activity 
and/or potency (18-21). Mismatched oligonucleotides reduce the T m and de- 
crease the potency (22,23). 

However, when comparing oligonucleotides targeted to different sites. T m 
alone is not sufficient to ensure activity (3). It has long been believed that second- 
ary structure in the mRNA target affects hybridization affinity differently at dif- 
ferent sites and thus affects antisense efficacy (24-28). Therefore, methods for 
calculating RNA structure and calculating hybridization of the antisense oligonu- 
cleotide to the structured mRNA are useful for prediction of anrisensc activity. 

Early attempts by Slull ct al. (29) found moderate correlation (R = 0.66- 
0,99) between a predicted duplex score and antisense activity, inclusion of an 
mRNA target secondary-struciure score in the calculation actually worsened cor- 
relation between calculated hybridization affinity and antisense activity. Since 
Stuil's publication, improvements have been made to the rules and parameters 
for prediction of RNA secondary structure. (30). Effective parameters for predic- 
tion of DNA:RNA duplex stability arc available (31) and improved parameters 
for prediction of secondary structure in DNA oligonucleotides are also available 
(32 -37), Mathews et al. (38) used these most up-to-date parameters to calculate 
equilibrium affinity of complementary DNA or RNA oligonucleotides to an RNA 
target taking into account the predicted stability of the oligonucleotide- target he- 
lix and the competition with predicted secondary structure of both the targcL and 
the oligonucleotide. When their predicted affinities were compared to antisense 
activity in one experiment (39), good correlation (/? = 0.91) was found between 
duplex free energy and antisense activity. When oligonucleotide self-structure 
and/or target RNA structure were included in the calculation, antisense efficacy 
did not correlate with AG° overi ||. 

The reported correlations between predicted duplex stability and antisense 
activity do not extend broadly to additional targets. When a data set of 349 anti- 
sense oligonucleotides targeting 12 genes (Giddings and Matveeva, hap://anti* 
xense.senerics.ufah.edu) was evaluated for correlation between duplex stability 
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and amisense activity, the linear correlation coefficient was 0.22. suggesting that 
the strong correlations reported in earlier work do not extend to lar E er data sets. 

There are several possible explanations for the tack of a strong correlation 
between calculated hybridization of an oligonucleotide to iis mRNA target and 
observed antisense activity. One possibility is that the calculated binding energies 
do not represent true equilibrium affinities. Although current algorithms are good 
enough to correctly predict 73% of base pairs in structures determined from com- 
parative sequence analysis (30), this level of accuracy may not be enough to 
allow prediction of good anlisense-binding sites. In addition, current algorithms 
(38) use thermodynamic parameters for unmodified DN A or RNA when calculat- 
ing free energies of antisense: RNA duplex formation or antisense oligonucleo- 
tide self-structure. Parameters determined from experiments using modified oli- 
gonucleotides could improve the predictions (40). Furthermore, parameters for 
predictions were measured in 1 M Na + , 0.1 mM EDTA, and may not represent 
conditions of antisense binding. The large numbers of proteins involved m RNA 
synthesis, processing, transport, translation, and degradation almost certainly af- 
feci binding of the antisense oligonucleotide to its target. 

A second possibility is that the antisense target is pre-mRNA and secondary 
structures predicted for mRNAs are not representative of structures in pre- 
mRNAs. U is known that pre-mRNA is the molecular target for many antisense 
oligonucleotides (41,42). The secondary structure of a pre-mRNA undergoing 
synthesis, processing, and transport is likely not fully predictable from simple 
thermodynamic consideration. 

The third, and must likely, possibility is that equilibrium affinity is not 
the sole factor impacting antisense activity (43). Oligonucleotide sequence and 
structure may affect properties of the antisense compound such as its affinity for 
proteins, ability to support RNAse H cleavage of the target, delivery to the cellu- 
lar site of activity, and metabolic stability. These factors will, in turn, affect anti- 
sense activity. On the other hand, equilibrium affinity is not unimportant. When 
oligonucleotide sequence is kept constant, mRNA secondary structure affect* 
antisense activity in a predictable way; activity is lower in structured targets than 
in unstructured ones (44). 

Although factors other than rarget structure clearly play a role m antisense 
activity, predictions of local secondary structure have proven effective tn identi- 
fying oligonucleotides with greater activity than those found by simple oligonu- 
cleotide "walks." The strategy employed by Sczakiel and colleagues (45,46) 
searches for favorable local target elements, loops or bulges of -10 nt. joints 
and terminal sequences. Although successful application of this strategy to other 
targets has not yet been reported, it is tempting to speculate that the success is 
due to the fact these favorable local target elements represent kinetically preferred 
sites "Kissing" hairpins are known to be important for initiation of hybridization 
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of long antisense RNAs (47,48); these "favorable structures" may play a similar 
role for oligonucleotide hybridization. 



III. OLIGONUCLEOTIDE MOTIF PREFERENCES 

Lt has heen suggested Lhat active oligonucleotides contain certain sequence mo- 
tifs. Tu et al. (49) report that TCCC is associated with aniisense activity but no 
mechanism for this phenomenon was proposed. Smclsers et al. (50) previously 
reported Lhat CCC is ovcrrcpresemed in the aniisense oligonucleotides in their 
data set but thai TCC is underrepresented. They suggest that overrepresenlcd 
motifs may be associated with protein-binding and nonantisense effects. Lcsnik 
and Freier (5 1) offered a plausible explanation for Lhe predominance of pyrimi- 
dines and especially C's in active oligonucleotides. They suggests lhat amisensc 
activity is associated with high stability of the oligo: target hybrid relative to 
the alternative RNA.RNA duplex. Thus antisense oligodeoxyribonucleotides with 
high (70-80%) pyrimidine contenl and moderate (40-50%) (A + T) content are 
more likely to be active than oligonucleotides with different composition. 
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IV. CELL-FREE SCREENING AND COMBINATORIAL 
APPROACHES 

Several groups have described combinatorial approaches for identification of op- 
timal aniisense sites in Larger mRNA using a cell-free assay. Typically, a library 
of randomized oligonucleotides is incubared with the target mRNA and RNasc 
H. Mapping of the most favored RNasc H cleavage sites results in identification 
of the most favored binding sites. This approach has been used to find sites for 
both antisense oligonucleotides (39,52-54) and ribozymes (55). It can, however, 
be complicated by interactions of library oligonucleotides with each other and 
by binding of mulliple oligonucleotides to the mRNA target (56), Concerns over 
library complexity have limited oligonucleotide lengths in Lhese studies ro 10 nt. 
Optimal binding sites for short oligonucleotides may not predict those for longer, 
antisense oligonucleotides. 

Matveeva et al. (57) were able to use longer oligonucleotides and reduce 
library complexity by restricting the oligonucleotide pool to oligonucleotides 
complementary to the mRNA target sequence. A similar, but less thorough screen 
was performed by Jarvis el al. (58), who used a cell-free RNasc H assay with 
individual oligonucleotides to identify optimal sites for synthetic ribozymes. 

Optimal binding sites have also been identified without using RNasc H 
cleavage assays. Ecker el al. (13) screened randomized combinatorial libraries 
of 2'-0-methy|- and phosphorolhioaie-modified compounds and identified coin- 
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pounds rhat bind to H-ras mRNA. Using oligonucleotide arrays on glass slides 
Southern and colleagues (59,60) were able to identify compounds that bound 
tightly to c-raf mRNA and were able to select the site for ISIS 5132, the most 
potent c-raf antisense compound reported at that time. Their synthetic approach 
uses an elegant strategy that results in synthesis of only oligonucleotides comple- 
mentary to the mRNA of interest. 

The effectiveness of these cell-free approaches requires that the most fa- 
vored sitc(s) for oligonucleotide binding to the mRNA in the cell-free system 
will be the target site for the most active antisense oligonucleotide. To test 
whether this was the case, Malvceva et al. (61) evaluated the correlation between 
aenvuy m an RNa.se H mapping assay or a gel shift binding assay with antisense 
activity in cells. Moderate correlation with cellular activity (/? 0.6) was found 
for bo^ cell-lrce assays. Similar correlation analysis of the randomized library 
daia of Ho (39,52) and the array data or Mir (62) gave coefficients of correla- 
tion between activity in the cell-free assay and antisense activity ranging from 

0. 2 to 0.7 (O. Matveeva, J. Wyatr, and S. I'rcier, unpublished). Thus the correla- 
tion between activity in the cell-free assay and antisense activity is relatively 
weaK. 

Despite the relatively weak correlation observed between oligonucleotide 
binding ,n the cell-free assay and antisense activity, ribozymcs (55) or antisense 

01. gonucleoude, (39,52.54,57) designed to sites identified by combinatorial sclec- 
tton were more likely to he active than those selected without initial cell-free 
screening. Thus these methods can improve the -hit rate"' lor antisense discov- 
ery However, these methods are cumbersome and, at best, result in several leads 

tlZ h-T l ° SCrC£ned 3 Cd '- baScd ^ T|lerefore - lhc ^ of im- 
proved h.t rate may not make up for the substantial cost disadvantage associated 
with these cell-free combinatorial assays. nsrouareo 



V " effects'"*"* C0NS,DERAT10NS and nonantisense 

A. Target Specificity 

For example . •nh.b.i.on of one isoform of a protein can be obtained without 

c rSnf^T i ■ 63 ' ( H- SUCh SpCCificky is hard ,0 ^ «m-'-«nole- 

T , ? , ta ' n SUCh s P ecificil y- one ™" "e careful to design antisense 
o hgonuc eotidcs that wtll nor hybridize to related mRNA sequenced (65). Since 
ohgonucleoudas with as few as three mismatches are reported to be inactive 
desLble 6 mmCht$ to rdalCd should ta efficient but more would be 

Unfortunately, the most commonly used tool for identification ofscquer.ee 



112 



Freier 



homology, BLAST (66), is ineffective at finding mismatched siles for oligonucle- 
otides. This is because the default window size is II, meaning that there must 
be 1 1 matches in a row for BLAST to lind the homology. The window size can 
he set as small as 7, but even then 20-mers with two mismatches (for example, 
in positions 7 and 14) are not found. A more effective icchnique for finding 
mismatched sites is to use BLAST to identify other mRNA sequences with ho- 
mology to the target of interest and then use a substring search to find mismatched 
sites in these mRNAs. Sites with zero or a Jew mismatches should be avoided. 

B. Motifs that Support Nonantisense Effects 

Nonantisense effects of G-rich phosphorothioate oligonucleotides arc well known 
(13,14) and have been attributed to the tendency of these oligonucleotides to 
form G-quartet structures that then interfere with biological processes (67). The 
simplest way to avoid these effects is to avoid G-rich oligonucleotides. Re- 
stricting oligonucleotides to less than 50% G with no Gj strings and at most one 
Gi string usually does not detrimentally limit the number of oligonucleotides that 
can be selected from a target message, 

Homopolymers of other sequences also form unusual structures (68). Al- 
though nonantisense effects of these structures are not well characterized, this 
should be considered when designing oligonucleotides rich in any single nucleo- 
tide or containing strings of any single nucleotide. 

Other motifs are also reported to produce nonantisense effects. Krieg ct al. 
(15) reported that oligonucleotides containing CG, especially those wiLh 
RRCGYY, can stimulate murine B Cells in vitro and in vivo. The active motif 
in human cells is GTCGTT (69). To avoid designing any oligonucleotides con- 
taining the dinucleotide CG is, however, an overly stringent requirement. It elimi- 
nates nearly half Lhe possible oligonucleotides that hybridize to a typical message 
from consideration, many of which show no immune stimulation at all. Therefore, 
it may be more prudent to avoid oligomers with the consensus hexarner motifs 
or to restrict the number of CGs in the sequence to less than two. In addition, 
the immunosti moratory effects of CG motifs are easily eliminated by chemical 
modification (e.g, T 5-methyi C) (70). 



VI. OTHER CONSIDERATIONS 

A. Cross-Species and Cross-lsoform Oligonucleotides 

One feature of amisensc inhibitors is that usually an active inhibitor of the human 
target is not an inhibitor of the same gene in mouse or another species. This is 
because mRNA sequences differ between species. It is sometimes possible, how- 
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ever to select sites with high identity between two species and design oligonucle- 
otides to those sites. If a sufficient number of .such sites are tested, it may be 
possible to identify an antisense oligonucleotide with activity m both spec.es. 
Similarly, if sufficient sequence identity exists between two isoforms, it may be 
possible to identify an antisense oligonucleotide with activity against both ta^geis. 
Using this strategy an oligonucleotide with good activity against both JNK-l and 
JNK-2 was identified (71). 

B. Target Site Function 

The preceding discussion has considered RNA secondary structure at the target 
site and oligonucleotide sequence but has not seriously addressed position at the 
target site on the mRNA relative to functional sites such as the coding region. 
This is because antisense oligonucleotides that operate by an RNAse H mecha- 
nism seem to be affected little by target site function. Potent oligonucleotides 
have been reported for the coding regions, untranslated regions, and even introns. 
On the other hand, antisense oligonucleotides that use a non-RNase H mechanism 
are typically restricted to specific functional sites. Morpholino oligonucleotides, 
for example, inhibit via translation arrest and are often located near or upstream 
of the AUG initiation codon (72). They can also inhibit splicing it placed at splice 
junctions (21). Thus target sire function becomes more important if a stenc 
blocking 1 ' mechanism of action is employed. 



VII. SUMMARY 

Design of antisense oligonucleotides is, in principle, very simple. In practice, on 
ihe other hand, only a fraction of antisense oligonucleotides complementary to 
an RNA target are active. Computational predictions of hybridization affinity 
that take into account RNA target structure, oligonucleotide self-structure, and 
oligonucleotide-RN A hybridization have had limited success at identifying potent 
antisense sites. Cell-baaed screening of a number of compounds is still required. 
Combinatorial approaches offer the potential of finding the best antisense oligo- 
nucleotide for any target These approaches have not, in general, identified com- 
pounds with substantially greater adivity than those designed by more conven- 
tional methods. In addition, significant cflbrr is required for rhc cell-free screen 
and several compounds must still be screened in cell-based assays. Although no 
single approach has yet provided a method Tor identifying the single best target 
site for an antisense oligonucleotide, several guidelines are listed here that may 
improve "hit rates" and avoid screening of compounds likely to have nonanli- 
sense activities* 
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I. INTRODUCTION 

AmUense oligonucleotides arc a promising new class of therapeutic agents de- 
signed lo specifically and selectively alrer the metabolism of RNA (1,2). The 
efficacy and safety of phosphorothioate oligodeoxynucleotides, the first genera- 
tion of these compounds, in various animal models and in the clinical setting 
have been well documented in numerous publications (3-8). A great deal of 
information has also been gathered over Lhc past 10 years concerning the basic 
pharmacokinetics of phosphorothioate oligodeoxynucleotides in vitro (9,10), in 
a variety of animal models and from human clinical trials (11-15). 

As an earlier chapter in the hook describes in vivo pharmacokinetics, we 
will only briefly summarize the pharmacokinetics of phosphorothioate oligodcox- 
ynucleolides. AfLcr systemic administration, these drugs, which bind extensively 
to serum proteins, arc rapidly cleared from blood, and distribute broadly to most 
peripheral tissues including liver, kidney, spleen, lung, lymph nodes, muscle, and 
bone. Liver and kidney represent the principal sites of accumulation (1,1 1-15). 
These compounds do not cross an intact blood-brain barrier. Although phospho- 
rothioates are generally more stable in vitro and in vivo than their phosphodiester 
congeners, they arc still labile and are cleared principally by metabolism through 
degradation by endo- and exonucleases present in serum and tissue (1,1 1,14,16). 
The aggregate data suggest thai the absorption, tissue distribution, and metabo- 
lism of phosphorothioate oligodeoxynuclcolides are similar across species, in- 
cluding mouse, ml, dog, and monkey, and independent of both route of systemic 
administration and oligonucleotide sequence (U 1,12,14). 
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nucleotides directed against a variety of disease and viral targets (6,8.12,52). 
AlLhough data concerning absorption, plasma pharmacokinetics, and metabolism 
are available, ir is obvious thai studies examining suborgan distribution in humans 
are problematic. With these inherent limitations in mind, wc compared the t\ 
vivo uptake of 5'-fiuorcscein-coup1ed ISIS 1082 in primary human, monkey, and 
mouse hepatocytcs following their attachment on collagen coated matrices (53- 
56). Over the 8-h experimental time period, cells consistently displayed greater 
than 90% viability, as assessed by trypan blue exclusion. Fluorescence micros- 
copy (Fig. 8) revealed that primary hepatocytcs of all three species internalized 
oligonucleotide in a similar fashion. In general, uniform cytoplasmic and nuclear 
staining was observed in all heptocytes. Interestingly, internalization of the conju- 
gated oligonucleotide into these hepatocytes was accomplished without the need 
for calionic lipids, which are typically required to observe significant uptake of 
many oligonucleotides in some transformed tissue culture cell lines (10). 

Experiments designed to quantitatively assess the proportion of oligonucle- 
otide localized within subcellular compartments were also performed (Fig. 9). 
Following ex vivo treatment with I \\M ISIS 1082, primary human hepatocyte 
nuclear, cytosolic, and membrane drug levels were measured over an 8-h period. 
Results from these experiments were compared against systemically administered 
drug from in vivo rat and mouse kinetic experiments. Oligonucleotide, once 
again, was extracted from subcellular isolates and subjected to CGE analysis (24). 
In general, human primary hepatocytes displayed a fourfold greater proportion of 
nuclear-associated oligonucleotide relative to mouse nuclei. At the 10 mg/kg 
dose level, no rat nuclear-associated drug was evident, as previously described, 
Another significant difference between human and rodent hepatocytes is the re- 
distribution of oligonucleotide from the nuclear to cytosolic compartments in 
humans over 8 h. 

Although no direct human-lo-primate or rodent in vivo suborgan compari- 
sons could be made, the indirect measures described above give some indication 
that human hepatocytes internalize phosphororhioate oligodeoxynuclcotides and 
that a substantial portion of drug is distributed to the nuclear compartmenr. This 
could have a significant influence on the pharmacological effects of liver-specific 
antisensc oligonucleotides if the target was localized within the nucleus. 



IV. CONCLUSIONS 

With the experimental caveats mentioned in Section II. D, and further complica- 
tions in data analysis due to the different localization techniques, oligonucleotide 
backbones, lengths, sequences, doses, and rodent species and srrains, a number 
of conclusions and generalizations arc supported by the data. The most obvious 
conclusion derived from all of the studies is that phosphorothioatc oligodeoxy- 
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Figure 8 Fluoresce micrographs obtained following ^J^^Z^ 

camM images of trypan-blue cowucfNaincd cells. (Right) rluo.esccm m g ( 
lained from the same field of cells. 



nucleotides are unequivocally localized within the cells of organs 
kidnev skin soleen, and lymph nodes in a variety of animals after system* 
2££ta3*t - broad distribution «*^Z£Z 

has occurred without the need for special delivery systems mvolv ng tomp to 
ation of oligonucleotides to substances like polycat.ons or encapsulate within 

UP ™e Send observation is the consistency of oligonucleotide localization 
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Human 



Rat 



Mouse 




Figure 9 Effect of time on the proportion oflSlS J 082 found within nuclear, cyiosolic. 
and membrane fractions isolated from human, car, and mouse hepaiocytes over an 8-h 
period after dosing. Results from human cells were obtained from ex vivo experiment* 
whereas rodent results were produced following systemic delivery in vivo. Data arc ex- 
pressed as the proportion of the tola! cellular close measured. 
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in those organs that accumulate the highest amounts of drug. For example Nicklin 
M n Butler (17), Carome (18). Oberbauer (19). Plcnat (20), Rappaport (21), and 
Rifai ^22) all detected high concentrations of oligonucleotides in ktdney J n *e 
*« a oroKimal tubules, while some also localized drug to Bowman's capsule and 

rE h^rdrm 21 2*>) in liver, using a variety of indirect histochenucal 
« ^h^ e« - -trations of Oligonucleotides were fluently de 

S Sin dnc cytoplasm of the nonparenchymal or Kupffer and endothel.al 
Slf(lT 20 22) Howe've, in some cases, drug was delected, albeii .n lower con- 

of defection methods, the suborn and 
subce lula'dis ribuuon and metabolism of phosphorothioate ol.godeoxynucleo- 
^ Tl bZ carefully delineated and quantitated in mouse, rat. and monkey 
St ^S^Lnl»»ll« and primary human hepatocyles maintamed 
^^c2£n. described earlier, phosphorothioate o.igodeoxynucleondes 
were loca to Z Within the nuclear, cytosolic and membrane compartment, of a I 
2 e We cell types. Distribution varied as a function of nme, dose and spcc.e 
SpLOES-MS analysis of liver samples also indicated the types of nucleolyuc 
,^7vmes involved in the degradation of these compounds. 

" B lsS upon the aggregate da.a, it is also clear that location data derived 
fromas^le technique especially histological procedures, without vahdat.onw.rh 
veChods' likeCGE ol HPLC/ES-MS for quantifying the ^ntan^ 
extent of metabolism, are incomplete and may provide rmsleadmg "^T** 
our laboratories, we routinely perform both histolog.cal and subcellular to- 
alon Jd quantitative CGE to follow the organ and suborgan d.stnbutton ot pho - 
ohorothioale oligodeoxynuclcolidcs used in pharmacology and pharmacoktneuc 

^Lrive COE, provide much more useful and complete pharmacokmet-c 
information about the in vivo disposition of the phosphorolh.oaies^ 

The in vivo suborgan localization expenmen* w,th phosphorotb.oaie o 
godeoxynucleotides, the first generation of antisense therapcut.es .n clm '<*^ 
Jet the stage for answering a variety of questions concernmg the ,n v, vo phantu- 
cokinetics of these exciting new drugs. Although we know ^ 
cells and subcellular compartments of numerous organs, what ., the mechan m 
of uptake? It vms proposed that scavenger receptors were the primary 
of oHgonucleotide' uptake in liver and other tissues and cells l.ke rnacjophag^ 
As described earlier, Butler and colleagues (39) demonstrated, using Class A 
scavenger receptor knockout mice, that scavenger receptors a one cannot account 
for the bulk distribution of phosphorothioate oligodeoxynucleotides into ussues 
and ceUs and suggested multiple mechanisms of uptake probably exist Current 
experiments in our laboratories are investigating the mvolvement of other mole 
cules in in vivo uptake (M. Butler, personal commumcat.on; 58). 
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Other questions relating io the influence of oligonucleotide chemisrry se- 
quence, species, and disease state on suborgan and subcellular distribution arc 
currently being addressed in our laboratories. I-'or example, at present there are 
no explanations for the specics-specifk differences in subcellular distribution that 
we have observed in liver (45,51). Preliminary data derived from comparative 
pharmacological studies examining c-raf mRNA levels between mouse and rat 
suggest that die differences in subcellular distribution in hepalocytes may explain 
why antisense potency is greater in mouse than rat (48; J. Johnston, personal 
communication). Additionally, since only liver has been characterized in such 
detatl, ir is possible that differences in pharmacokinetics are present within other 
organs, such as kidney, spleen, and the gastrointestinal tract. We are currently 
developing analogous approaches for those organs as well. Given the complex 
interactions between cells and interstitium in vivo, the ability to examine and 
quantitate the distribution of antisense oligonucleotides using CG£ after subcellu- 
lar fractionation within a variety of organs represents a significant advance that 
has broad applicability for pharmaceutical research. 
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I. INTRODUCTION 

The use of antisense molecules lo inhibit the expression of disease-causing pro- 
teins represents a new paradigm in disease treatment. The use of targeted inhibi- 
tors of protein translation is expected lo become commonplace. Human diseases 
already being treated with antisense inhibitors of translation in clinical trials today 
include inflammatory bowel disease, hepatitis C, various cancers, and psoriasis. 
Important metabolic diseases such as diabetes are only minimally behind. Fur- 
thermore, the use of antisense inhibition of specific gene produces is increasingly 
recognized as a valuable tool to help scientists understand the human genome 
and to elucidate new targets for therapeutic intervention. 

The first antisense oligonucleotides to enter clinical trials have been phos- 
phorothioate oligodcoxynucleolides, in which a single nonbridging oxygen of the 
internucleotide linkage was replaced by a sulfur lo render nuclease resistance. 
The next generation of molecules will enter human trials by the year 2001 and 
will contain further modifications such as 2'-methoxyelhyl modifications lor im- 
proved potency and tissue elimination half-life, and methylated C residues for 
reduced immune stimulatory qualities. In fact, the tissue half-life of these newer 
agents is expected to he approximately 5X longer than that of the first-generation 
compounds (1). 

Along with improved potency comes the potential for administration by 
nonparenteral routes. Indeed, work is already fairly advanced toward oral delivery 
of Ihese later-gcncration oligonucleotides. A solid dosage form for oral delivery 
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of antisensc oligonucleotides may already be available by the lime of this publica- 
tion. This was not thought possible just a short time ago. 

Longer tissue half-lives mean the potential for less frequent dosing, which 
reduces patient cosr and improve.? compliance by whatever route of administra- 
tion available. 

In this chapter we summarize currently available data on human pharmaco. 
kinetics of antisense oligonucleotides. As data in humans are not yet available for 
the newer modified oligonucleotides mentioned earlier, the focus of this chapter is 
on phosphorothioate oligodeoxy nucleotides. The majority of our discussion will 
concern the compounds and references listed in Table I, 



II. PHARMACOKINETICS 

A. General Pharmacokinetic Behavior in Humans 

After intravenous administration of oligonucleotides, the plasma concentration- 
lime profile is generally monophasic (<1 ing/kg). Use of radiolabeled material 
revealed a biphasic plasma profile with a much longer apparent elimination phase 
(2,3). Pharmacokinetics has been characterized for several oligonucleotides in a 
number of clinical studies (Table I). The differences in the pharmacokinetics 
observed in these published clinical studies are mainly due to differenr assay 
methods used. The oligonucleotide assays used to date to describe the pharmaco- 
kinetic properties or various oligonucleotide preparations in humans and the asso- 
ciated shortcomings of each method are described below. 

Capillary gel electrophoresis (CGE) provides excellent resolution for parent 
oligonucleotide and metabolites shortened by one or more nucleotides (N-l, 
N-2, etc.) with N-l resolution, CGE is frequently used ro quantilate parent oligo- 
nucleotide and metabolites (3-7,23). Another method, SAX-HPLC, measures 
primarily parent oligonucleotide; however, it does not provide adequate resolu- 
tion to differentiate parent oligonucleotide and irs N- 1 metabolite. Similarly, mea- 
surement using radioactivity docs not differentiate parent oligonucleotide from 
its metabolite, and very frequently, the radioactivity does not represent the intact 
oligonucleotide. High-performance electrophorctic chromatography (HPEC) was 
used for the analysis of a 20-mcr phosphorothioate oligonucleotide complemen- 
tary to p53 mRNA LOL(l)p53,a,bl. However, it is not clear from these reports 
whether the method is specific to parent oligonucleotide. 

From the studies cited in Table 1, plasma concentrations of oligonucleotide 
increase during short infusion, and C nw „ is generally observed at or near the end 
of infusion. Parent oligonucleotide is cleared rapidly from the circulation and 
animal data demonstrate that it is distributed inLo tissues. Plasma distribution 
half-life is in the range of 30-90 min depending on dose. Thus the clearance from 
plasma measured in clinical trials is a distribution phase, not terminal elimination. 



01/ 16/^003 16:5» FAi. 760 603 3820 



PATENTS 



I •* WOODCOCK 



Yu et a|. 



III. CONCLUSIONS AND SUMMARY 
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In Vivo Modulation of N-royc Expression by Continuous 
Perfusion with an Antisense Oligonucleotide 
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ABSTRACT 

In this study we investigated the in vivo efficacy of continuous subcutaneous perfusion of unmodified 
phosphodiester otigodeoxynucleotides. The in vitro sequelae of antisense inhibition of the target gene, 
N-myc, have been documented and include moderate growth inhibition without effects on myc 
expression, loss of secretogranin I expression, and morphologic alterations. We chose to use N-myc as 
a model target to determine if antisense effects observed in vitro can be reproduced in vivo, 
N-myc- expressing human neuroectodermal rumors were grown as subcutaneous xenografts in athymic 
mice. Antisense and sense otigodeoxynucleotides directed against N-myc were delivered to the vicinity 
of the tumor by a subcutaneously implanted microosmottc pump. Antisense treatment led to toss of 
N-myc protein from the tumor, as well as to the loss of the neuroendocrine differentiation marker 
protein secretogranin I. Myc protein expression remained unaffected. Mean tumor mass was reduced 
by 50% in antisense- treated animals, and antisense- treated tumors morphologically resembled 
antisense-transfected in vitro cell cultures. These results demonstrate that regional, in vivo perfusion of 
an unmodified oligonucleotide specifically downregulates gene expression in human tumor xenografts 
with concomitant effects on tumor phenotype and growth rate that correlate well with in vitro 
observations. 



INTRODUCTION 

Truly tumor-specific chemother APEUTic agents that can selectively kill or inhibit the growth of cancer 
celts without damaging normal cells have yet to be found. Because it is becoming increasingly apparent 
that human cancers result from the stepwise accumulation of genetic abnormalities within a target tissue, 
inhibition of expression of a particular cancer-associated gene appears to be a rational approach to the 
development of tumor-specific therapy (McManaway et al. f 1990). Oligodeoxyrtucleotide-based antisense 
technology relies on the ability of short, single-stranded DNA molecules to inhibit, in a sequence-dependent 
manner, translation of specific messenger RNA molecules into protein. In the laboratory, antisense 
oltgodeoxynuclcotidcs (oligos) have repeatedly demonstrated efficacy in modulating the expression of 
numerous oncogenes, thus providing important insights into their unique roles in tumorigenesis (Cohen, 
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FIG, I. Subcutaneous pump-tumor xenograft model for continuous in vivo infusion of oligodeoxynuclcotides. 

1989;HeleneandThuong, 1989; Uhlmann and Peyman, 1990; Neckers, etc/.; 1992). Despite intensive study 
in vitro, however, the application of oiigo antisense strategies to regulation of gene expression in vivo has yet 
to be demonstrated. 

We previously demonstrated that administration to cells of either an unmodified N-myc antisense 
pentadecadeoxynucleotide or an antisense RNA-ex pressing episomal replicon specifically inhibits N-myc 
gene expression and decreases cell growth rate in vitro in the human neuroepithelioma cell line CHP-100 
(Rosolcn et at., 1990; Whitesell et 1991). In an effort to extend these observations to the modulation of 
protooncogene expression in vivo and to begin to explore the utility of antisense oligos as gene- targeted 
pharmacologic agents, we developed a human tumor xenograft model in which oiigo solutions are 
continuously perfused via subcutaneously implanted microosmotic pumps. Such administration prevents 
degradation of bulk oiigo while allowing the controlled, continuous release of relatively small quantities of 
drug into surrounding tissue. Using this model, we now describe the successful in vivo application of antisense 
oligonucleotides as gene- targeted pharmacologic agents. 

MATERIALS AND METHODS 

The human neuroepithelioma cell line CHP-100 was obtained from Children's Hospital of Philadelphia and 
has been well described (Schlesinger et a/., 1976). Cells were maintained in culture in RPMI 1640 
supplemented with 10% fetal bovine serum. Male, athymic nude mice aged 4-6 weeks were obtained from the 
Frederick Cancer Research Facility and maintained under standard aseptic conditions. 

Inoculation and oiigo treatment of cells is illustrated in Fig. 1 . Microosmotic pumps (Model I007D; Alza 
Corporation, Palo Alto, CA) were filled with a 5 mM solution in water of either N-myc sense oligonucleotide 
(5'dATG CCG GGC ATG ATC-3') or antisense oligonucleotide (5 -dGAT CAT GCC CGG CAT-3') as 
specified by the manufacturer. These pumps continuously deliver0.5 u.1 (2.5 nmol oiigo) of their contents per 
hour. Standard phosphodiester oligonucleotides, synthesized using cyanoethylphosphoramidite chemistry, 
were obtained from Gilead Sciences (Foster City, CA) and Synthccell Corporation (Gaithersburg, MD) and 
were chromatographically purified. Pumps were implanted in pentobarbital-anesthetized athymic mice in a 
subcutaneous pocket formed by blunt dissection through a 0.5 cm transverse, paraspinal skin incision just 
caudal to the right forequarter (Fig. IJK). CHP-100 cells were harvested from confluent monolayers 1 day 
later, and suspended in phosphate-buffered saline (PBS) at I x I0 8 cells per ml. The suspension was divided 
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into equal aliquots and made J 00 \lM in either N-myc sense or antisense oligonucleotide. Hie appropriate 
suspension ( ICX) was injected subcutaneously, caudal to the previously implanted pump (Fig. IB). Pumps 
were replaced 7 days following implantation with fresh oligonucleotide-filled pumps. Animals were 
sacrificed 14 days after tumor cell injection, and the well-encapsulated tumors were easily resected for 
weighing, homogenization in protein lysis buffer, and/or snap freezing for frozen sectioning (Fig. IC). 

Immunablot analysis of protein expression in oligo-perfused tumors was performed as previously described 
(Whitesell et aL, 1 99 J), except that detection of primary antibody was achieved using the chemiluminescent 
alkaline phosphatase substrate AMPPD and alkaline phosphatase-conjugated goat anti-mouse immunoglob- 
ulin (Western Light Kit; Tropix, Inc.. Bedford. MA). Tumors were resected from pump-bearing animals, 
minced, and homogenized in lysis buffer at 100 u,g wet tissue per ml. Tissue culture cells were harvested from 
monolayers and lysed in the same buffer at 2.5 x 10 7 cells per ml. N-/n>r expression was assessed using the 
mouse monoclonal antibody NMC II- 1 00 Okegaki et ai^ 1 986). Myc was assessed with the human-specific 
monoclonal antibody 9E10 (Evan et al. % 1985). and murine monoclonal anti-secretogranin I was obtained 
from Boehringer Mannheim (Indianapolis, IN). 

Imrnunocytochemistry was performed on vector-transfected cells as previously described (Whiteseil etaL , 
1991). Frozxn sections of tumors from pump-bcaring mice were fixed in methanol and stained with the 
Diff-Quik differential staining kit (Baxter Diagnostics, Scientific Products Division, McGaw Park. IL) for 
simple histologic evaluation. 

RESULTS 

A 2 week constant subcutaneous perfusion of unmodified phosphodiester oligos at the rate of 2.5 nmol/h 
resulted in no avert whole-animal toxicity (i.e., altered water or food intake, weight loss, or lethargy). N-myr 
gene expression in tumor xenografts from these oligo-perfused animals was assessed by imrnunoblotting. A 
marked reduction in N-/wvr-specific signal was observed in lysates of antisense-perfuscd tumors (Fig. 2A. 
lane 3) compared to lysates of sense-perfused rumors (Fig. 2 A, lane 2). The lower migrating band seen in 
tumor lysates but not in tissue culture cell lysates presumably represents a murine protein(s) cross-reacting 
with the polyclonal secondary antibody. The decrease in N-myc expression following antisense perfusion is 
specific for the targeted gene, since as seen previously in vitro (Rosolen etaL. 1990; Whitesell eta!.. 1991 ), 
expression of the closely related myc gene remains unchanged in samples of both sense- and antisense - 
perfused tumors (Fig. 2B, lanes 2 and 3). Because the myc antibody used for this blot does not cross-react with 
murine myc (Evan et al. , 1985), equivalent amounts of human tissue must have been lysed in sense- and 
antisense-perfused tumors. Thus, the decrease in N-myc signal signifies decreased gene expression, not 
simply cell loss or dilution by murine stromal components. 

Many established neuroblastoma cell lines have been reported to be composed of at least two distinct 
morphologic types that display variant phenotypic characteristics and spontaneously intcrconvcrt or 
transdifferentiate (Ciccaronc etaL, 1989; Rettig etaL, 1987; Ross et a/.. 1983). We previously showed that 
the neuroepithelioma cell line used here, CHP- 100, is also composed of distinct morphologic and phenotypic 
cell types (Whitesell et aL , 199 1 ). Using vector-generated RNA antisense. we demonstrated that inhibition of 
N-mvc expression blocks transdifferentiation in this cell line and results in accumulation of cells with an 
intermediate morphology and phenolype. Thus, expression of markers of neuronal differentiation, such as 
secretogramn I, are markedly diminished in vitro in N-myr-suppressed CHP- 100 clones (Whitesell et at., 
1991). As Fig. 2C demonstrates, in vivo antisense inhibition of N-myc expression in tumor xenografts also 
results in loss of expression of secretogranin I. 

N-wtyc suppression in vivo is also accompanied by striking changes in the gross histologic appearance of the 
tumor. Immunocytochemical analysis demonstrates the morphologic sequelae of N-myc inhibition in vitro by 
vector-generated RNA antisense (Fig. 3A and B) (Whitesell et aL« 1991). Note the loss of dark 
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FIG. 2„ Immunoblot analysts of protein expression by oligonucleotide-perfased tumors. (A) Blot was incubated wiih 
the N-wiyc-spccific monoclonal antibody NMC IMOO: lane t; tissue culture cell lysatc; lane 2. scnsc-pcrfuscd tumor 
lysate: and lane 3. antisense-perfused tumor lysate. (B) Blots were incubated with human mvr-specific monoclonal 
antibody 9E10: lane I . tissue culture cell lysate: lane 2. sensc-pcrfuscd tumor lysate: and lane 3. antisense-perfused tumor 
lysate. (C) Blot was incubated with murine monoclonal antisecretocranin I: lane I . aniisense-perfused tumor lysate: and 
lane 2. sense-perfused tumor lysatc. Panels A-C were obtained with the same lysates. Tissue culture lysates are included 
for qualitative, not quantitative comparison with the tumor lysates. Molecular weight markers Ckilodaltons} are indicated 
for each panel. The protein of interest in each panel is indicated by an arrow. 

N-wvc-specific nuclear reactivity and the absence of small, condensed cells in ami sense vecior-transfected 
cells (Fig. 3B) compared to sense vector-transfected cells <Fig. 3A). Tumors from mice treated in vivo with 
antisense oligos show similar morphologic changes compared to tumors from sense-treated mice. Diff-Quik- 
stained frozen sections of a tumor harvested from an antisense-perfused animal show loss of small condensed 
ceils and cells with processes (compare C and D in Fig. 3). This decrease in the proportion of small* densely 
stained cells is most readily appreciated as an apparent decrease in ccJlularity (all fields were photographed at 
the same magnification). 

We showed previously that in vitro antisense inhibition of CHP-100 N-mvc expression results in a 
decreased growth rate without a reduction in myc expression (Rosolen ef n/., 1990). The decrease in growth 
rate is due to inhibition of a transdifferentiation process rather than to a direct tumoricidal or antiproliferative 
effect (Whitescll et «/., 1991). In vitro, cells in which vector-generated antisense completely suppressed 
N-mvc expression (undetectable by western blot analysis) grew at 50% of the rate of sense- or sham- 
transfected cells. N-wvr-suppresscd cells also continued to form tumors in nude mice with good efficiency, 
but these rumors grew more slowly than those formed by nonsuppressed cells. Figure 4 demonstrates that 
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FIG. 3. Morphologic effects of N-mvc suppression in vitro and in vivo. N-myc-specifk immunocytochemistry was 
performed on vector-transfected CHP- 100 clones (A and B). Frozen sections of tumors from pump-bearing mice were 
fixed in methanol and stained for simple histologic evaluation (C and D). CA) N-myc sense vector-transfected CHP- 100; 
(B) N-myc antisense vector-transfected CHP-100; (C) sense oligonucleotide-perfused xenograft; CD) antisense-perfused 
xenograft. The bar in B (pertaining to all panels) represents a distance of 40 urn. 



continuous perfusion of CHP-100 cells in vivo with antisense oligo also does not abrogate tumor formation, 
but instead leads to significantly smaller tumors. In three separate experiments, groups of four to five animals 
were implanted with tumor cells and microosmotic pumps loaded with either sense or antisense oligonucle- 
otide. Animals were sacrificed on day 14 after cell inoculation, tumors were resected, and their wet weight 
was determined. In combined analysis of three separate experiments, the average weight of sense-treated 
tumors was 306 mg; the average weight of antisense-treated tumors was 150 mg. Remarkably, the 50% 
decrement in mean tumor mass observed in antisense-treated animals is nearly identical to the maximal growth 
inhibition observed in vitro following either antisense oligonucleotide administration or antisense vector 
transfection (Rosolen ex <?/., 1990; Wbiteseli et aL y 1991). A two-factor analysis of variance revealed that the 
groups were significantly different by treatment (p = 0.03); (i.e., when all three experimental groups were 
combined) but not by experiment (p = 0.7). In many control experiments in which animals received no 
treatment, tumor mass at 14 days postinoculation ranged from 300 to 350 mg, not significantly different from 
tumors excised from sense pump-treated animals. In several experiments in which tumors were not excised for 
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FIG. 4. Continuous in vivo perfusion of N-myc antisense oligonucleotide inhibits the growth of CHP- 100 xenografts. 
Data are depicted as mean 2: standard deviation. Each bar represents a separate experiment comprising four to five 
animals. In an analysis of variance the groups are significantly different by treatment (p - 0.03). 



1 week following pump expiration, no significant difference was observed between tumor mass in sense- and 
antisense-treated animals, demonstrating that the effect on tumor growth was reversible (data not shown). At 
the same time* reappearance of N-myc protein was observed in these antisense-treated animals (data not 
shown). 



DISCUSSION 

The results presented here demonstrate that regional perfusion of an unmodified oligo in an animal can 
specifically modulate protooncogene expression with the same sequelae in vivo that are seen in vitro. Thus, 
not only does expression of the target gene decline (without decline in expression of a closely related gene), 
but the phenotype and biologic behavior of the perfused tumors are altered as well. Importantly, these 
alterations are achieved without overt local or systemic toxicity. 

N-myc alone may not be an appropriate focus for further development of gene-targeted antitumor therapy, 
since its specific inhibition in vivo does not lead to loss of tumorigenicity or cell death. In concordance with 
a multihit hypothesis of oncogenesis, it is likely that the interplay of several positive and negative oncogenes 
is required to maintain the tumorigenicity of CHP- 100. Simultaneous, or even sequential inhibition of such 
multiple genes could lead to loss of the tumori genie phenotype. As our understanding develops of the precise 
role played by various growth-associated genes in the malignant phenotype, more of these targets are likely to 
become apparent. 

Successful systemic administration of oligos has been hindered by at least three prominent technical 
difficulties: (1) rapid degradation of unmodified phosphodiester oligos within biologic fluids (Goodchild 
etal., 1991); (2) rapid clearance from the circulation (Goodchild etaL, 1991; Chen etal., 1990; Agrawal et 
al., 1991); (3) overwhelming cost associated with synthesis of the pharmacologic quantities required for 
systemic treatment of animals (Zon, 1 989). Add to these considerations the observation that oligo uptake is a 



348 



IN VIVO MODULATION OF N-myc EXPRESSION 



property of most if not all cells (Lokee/ a/., 1989; Yakubov et aL, 1989; Neckers, 1989), and it is apparent 
that systemic delivery of a nontargeted antisense reagent in sufficient concentration to its intended site is 
currently a very difficult task. Given the relatively low potency of unmodified antisense oligos, certain 
antisense-based therapeutic strategies requiring systemic administration may not prove effective, even if 
stability and bulk production problems can be overcome. Furthermore, systemic administration of DNA, 
modified to enhance stability or cellular uptake, must be viewed with particular caution, since eventual 
degradation of these oligos could lead to incorporation of modified nucleotides into cellular DNA, with a 
significant potential for mutagenicity. This led us to test the in vivo efficacy of unmodified phosphodiester 
oligos in the mode! presented here. 

We sought to overcome some of the obstacles associated with in vivo administration of oligos by avoiding 
the need for their systemic application. Our data suggest that the current generation of oligos can be developed 
as clinically efficacious therapies in well-defined clinical settings in which systemic administration is not 
required. Localized continuous perfusion of antisense oligos effectively modulates tumor cell gene expression 
in an animal to a similar degree to that observed in vitro. In addition, the sequelae of N-mvc inhibition 
observed in vitro have been reproduced in these experiments, supporting a role for N-myc in the differentiation 
and growth of neuroectodermal tumors in vivo. 

The model we describe can be useful for in vivo efficacy screening of both new target sequences and novel 
oligo modifications, as well as for determining in vivo toxicities of antisense reagents. In addition, this mode! 
can be used to test the role of target genes in tumor growth in vivo. For example, our current data clearly 
demonstrate that sole inhibition of tumor cell N-myc in vivo is not sufficient to abrogate tumorigenesis. At the 
same time, other clinically relevant models suggest themselves. Studies are underway exploring the utility of 
intrathecal perfusion of oligos for the treatment of leptomeningeal tumors in the athymic rat and topical 
administration to hypcrprolifcrative epidermis in a murine model of psoriasis. 
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In vitro and in vivo pharmacologic activities 
of antisense oligonucleotides 

CK. Mirabelli, CF. Bennett, K. Anderson & ST. Crooke 

ISIS Pharmaceuticals, Inc., 2280 Faraday Aoe, Carlsbad, CA 92008, USA 

Summary: The use of antisense oligonucleotide as pharmacologic agents is a 
derivative of the central dogma of molecular biology and knowledge of the physical 
and chemical properties that govern the structure of nucleic acids. Oligonucleotides 
have been reported to inhibit the growth of a large number of viruses in cell 
culture, as well as the expression of numerous ocogenes, a variety of normal genes 
and transfected reporter genes controlled by several regulatory elements. The 
therapeutic activity of antisense compounds in animal disease models have also 
been reported 

This review provides some general conclusions and trends regarding the pharma- 
cologic action of antisense oligonucleotides, that can be formulated from studies 
previously reported in the literature. In addition, data is highlighted for two specific 
examples in which antisense oligonucleotides have demonstrated activity against 
herpes viruses and intracellular adhesion molecule KNA targets. 

Introduction 

In the past few years, many papers have been published demonstrating the activity of 
numerous antisense oligonucleotides, of different sequences and chemical type, in a 
variety of cell-based systems. Recently there have been a number of excellent reviews 
that have summarized the activities of these compounds in detail (Cohn, 1989; 
Uhlman & Peyman, 1990; Cazenave & Helene, 1991). As such this review will not 
attempt to duplicate those comprehensive efforts; instead it will provide a brief 
summary of the activities of oligonucleotides in cell-based assays and attempt to 
provide some general conclusions and trends that can be formulated from these 
previously published data. In addition, this paper will provide examples of data 
compiled in our laboratories that relate to the pharmacological activities of phos- 
phorothioate oligonucleotides directed against cellular and infectious disease targets. 

Pharmacological activities in cell-based models 

Oligonucleotides have been reported to inhibit the growth of a large number of 
viruses in cell culture, as well as the expression of numerous oncogenes, a variety of 
normal genes and transfected reporter genes controlled by several regulatory ele- 
ments. These studies varied in the types of oligonucleotides used, the cells used, the 
RNAs and specific receptor sequences targeted and the conditions employed. Al- 
though a wide range of oligonucleotide concentrations have been used to treat cells, 
only a few studies have reported detailed dose-response curves and clearly docu- 
mented the purity of the oligonucleotides used. Table I summarizes the information 
from more than 40 papers in which oligonucleotides were tested for pharmacologic 

Correspondence: CiC. Mirabelli 
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activities against a variety of viruses, oncogenes, host genes and transfected reporter 

genes. . u .- 

The data presented in Table I support only a few generateations. First, while 
phosphodiesters are rapidly degraded in biological systems, a number of investigators 
have reported activities for unmodified phosphodiester oligonucleotides in cells 
incubated in the absence of serum or in medium supplemented with heat-inactivated 
serum. When phosphodiester oligonucleotides have displayed activity, concentrations 
of more than 10 /xm were required. The explanation for these activities is unclear. 
Considering the presence of endo- and exonuclcases that arc found within cells it is 
reasonable to think that these oligonucleotides would be degraded in the cell very 
rapidly. Evidence from our laboratory demonstrates that in a number of routinely 
used cell lines phosphodiester oligonucleotides are degraded within minutes by 
nucleases found in the plasma, membrane, cytoplasm and in nuclei (Hoke et a/., in 

press). j t_. 

Second, a variety of chemically modified oligonucleotides have been reported to be 
active in cell culture. Although considerable variation has been reported, phosphoro- 
thioate oligonucleotides appear to be more potent than methylphosphonate oligo- 
nucleotides. Conjugation of alkylators and interchclators to phosphodiesters and 
methylphosphonates has been reported to increase potency. Many of these modifica- 
tions have been positioned at either the 3' or 5' end of the oligonucleotides; 3' 
positioning is an attempt to increase stability to 3'-exonuclease, the predominant 
serum nuclease. Lipophilic and poly(L-lysine) conjugates have also displayed en- 
hanced potencies presumably via some modulation of cellular pharmacokinetic 

characteristics, . 

Third, oligonucleotides have demonstrated activities against a broad array of viral 
targets, oncogenes, normal cellular gene products and various transfected genes. This 
array of pharmacological effects clearly demonstrates the broad potential therapeutic 
applicability of these drugs. 

fourth, although the data from studies included in Table I are limited, when it is 
combined with in vitro toxicologic data (Crooke, 1991), the therapeutic indexes of 
phosphorothioate oligonucleotides appear to be quite high. Initial data regarding 
certain phosphorothioates of 20 and 21 nucleosides in length, targeted to human 
papilloma virus and herpes simplex virus, respectively, also demonstrate that these 
compounds are extremely well tolerated in animals (Mirabelli et aL, in preparation). 
The effects of specific base composition within an oligonucleotide, oligonucleotide 
length, specific chemical modifications in oligonucleotide and cellular parameters (i.e. 
cell type, cell cycle phase and stages of differentiation) on the potential toxicology 
and non-antisense activities of these compounds are not yet clearly defined (Crooke, 

1991). . u 

Fifth, very little data that support putative mechanisms of action have been 
reported and generalizations concerning precise mechanisms of action are not 
possible. A variety of mechanisms have been proposed to explain the ultimate 
pharmacologic action of antisense oligonucleotides, all resulting from the hybridiza- 
tion of the drug with the complementary sequence within a target RNA. These 
mechanisms include the disruption of ribosomal assembly and function, formation of 
an RNase H substrate and subsequent cleavage of the target RNA, and disruption of 
RNA splicing processes or other RNA metabolic processes. It is very likely that many 
'terminating' mechanisms can be exploited for the cellular action of antisense 
oligonucleotides and that the mechanisms of a particular oligonucleotide are the result 
of the particular RNA and sequence target, the cell in which the drug is. acting and 
the chemical structure of the oligonucleotides. 
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Examples of antisense pharmacologic activities 

Our laboratory has demonstrated activities of oligonucleotide drugs against a number 
of molecular disease targets. Below is a brief summary of work on two targets: herpes 
simplex virus and a human cell adhesion molecule, ICAM-1. These data are reviewed 
in an attempt to provide examples of the antisense drug discovery process and the 
activities of antisense compounds directed against viral gene targets and host gene 
targets. 



Antisense oligonucleotides directed to herpes simplex virus UNA targets 

In vitro activities. Smith & Smith (1986) first reported antisense inhibition of HSV 
replication using oligonucleotides targeted to the splice junction sequences of the 
HSV- 1 1E4 and 1E5 pre-RN As. It was later reported that increasing the length of the 
oligonucleotide increased the antiviral activity against HSV-1 (Kulka el aL, 1989). The 
most active oligonucleotide, a 12-micleotide long oligomethylphosphonate, was 
directed against a splice junction covering six nucleotides in both exon and intron. 
The potency of the compound was greatest when added at the time of infection 
(IC S o = 15 /im) with a 5- to lo-fold reduction in potency when the oligonucleotide was 
added 1 h post-infection. A 20% inhibition in splicing was observed in oligonucleotide 
treated infected cells versus untreated infected cells. Conjugation of the 12-mer 
oligomethylphosphonate with a psoralen-derivative increased the potency of the 
compound approximately 3-fold relative to the unconjugated compound. However, 
the psoralen conjugate required activation by UV irradiation following addition to the 
infected cells. 

A study by Draper et al (1990) using phosphodiester oligonucleotides complemen- 
tary to two related region of the HSV-1 Vmw 65 mRNA, reported that an 
oligonucleotide targeted to the translation initiation region effectively inhibited HSV-1 
replication. The other oligonucleotide was inactive, causing these authors to conclude 
that sequences within the same mRNA can exhibit differential sensitivities to 
antisense oligonucleotides. 

Our laboratory has designed and tested several oligonucleotides which are com- 
plementary to the translation initiation regions of several mRNAs of HSV. Oligo- 
nucleotides which target the HSV UL13 mRNA were found to be effective inhibitors 
of HSV replication, as measured in an infectious yield assay (Draper & Brown- 
Driver, 1991; Draper et al, submitted). The protein encoded by the UL13 gene has 
been putatively identified as a phosphotransferase which may be involved in the 
phosphorylation of viral capsid proteins (Smith el al, 1986; Stevely et aL, 1985). 
Preliminary screening experiments revealed that phosphorothioate oligonucleotides 
were significantly more potent than phosphodiester and methylphosphonate oligonu- 
cleotides (Draper & Brown-Driver, 1991; Draper et aL, submitted). One of the most 
potent compounds evaluated was ISIS 1082, a 21-mer phosphorothioate oligonucleo- 
tide, targeted to a secondary initiation codon present in HSV-1 and HSV-2 UL13 
mRNA. This compound inhibited both HSV-1 (KOS strain) and HSV-2 (HG52 
strain) replication in an infectious yield assay. Site specific cleavage of synthetic UL13 
transcripts was induced by addition of ISIS 1082 in RNA processing extracts of HeLa 
cells suggesting that ISIS 1082 may inhibit expression of the UL13 gene product by 
inducing RNAase H specific cleavage of UL13 mRNA. 

Evaluation of the compound in infectious yield assays using acyclovir sensitive and 
resistant strains and in comparative dose responses with acyclovir and other phos- 



PHARMACOLOGIC ACTIVITIES OF ANTISENSE OLIGONUCLEOTIDES 653 




1 1 1 I 



100 



TT 
1000 



1 I 



10000 



Drug Concentration (nM) 

Figure 1 Sensitivity of an acyclovir resistant strain of HSV-1 (DM 2. 1, thymidine 
kinase deletion mutant) to ISIS 1082 (•) and acyclovir (■)- Activities were 
measured in an infectious yield assay and expressed as a percent of untreated 
infected cell vims yield 



phorothioate oligonucleotides provided more evidence that ISIS 1082 produces its 
antiviral activity via a sequence specific antisense effect First, ISIS 1082 inhibits the 
replication of the HSV-1 strain KOS in HeLa cells by 50% and 90% at concentrations 
of approximately 300 nvr and 2 /xm, respectively. ISIS 1082 was 3- to lo-fold more 
potent then a phosphorothioate oligonucleotide of similar length and equivalent (but 
scrambled) nucleotide base composition when tested against certain strains of HSV-1 
and HSV-2. In addition, it was found that ISIS 1082 was active against a number of 
acyclovir resistant strains of HSV-1, Figure 1 shows the activity of ISIS 1082 against 
the thymidine kinase deletion mutant strain, DM2. 1. Acyclovir did not inhibit the 
replication of this strain. However, treatment with ISIS 1082 resulted in a dose- 
dependent decrease in infectious viral yield that was equivalent to that observed 
against the KOS strain of HSV-1. At concentrations as high as 100 /am of ISIS 1082, 
only minimal effects on host cell growth and metabolism were observed (Crooke et 
at). This lack of in vitro toxicity is again consistent with the postulated highly 
selective mode of action of the antisense compound. 

In vivo activities. Earlier preliminary reports have suggested in vivo activities of 
antisense drugs against HSV infections. One report indicated that an oligomethyl- 
phosphonate was active in a mouse model of herpes simplex virus 1 infection (Kulka 
etal, 1989). Two additional laboratories have reported on the activity of phosphoro- 
thioates against HSV-1 infections in mouse models of ocular herpetic keratitis 
(Kimura et al, 1991; Mctcalf et aL t 1991). 
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Recent data have demonstrated that topical application of ISIS 1082 in an aqueous 
buffer to the cornea of mice infected with HSV-1 (KOS) resulted in curative activity 
at drug concentrations of 0.3% and 5% (Brandt et al, 1991; Brandt et al submitted). 
The activity of ISIS 1082 in this model was equivalent to trifluorothymidine and 
exhibited no local or systemic toxicities. ISIS 1082 is currently being studied in rabbit 
models of HSV-1 induced epithelial keratitis and other animal models of dermal and 
systemic HSV infection to better define the pharmacology of the compound. 

Antisense oligonucleotides directed to intercellular adhesion molecules 

To date most reports of antisense oligonucleotide activities in non-viral infection 
models have focused on oncogene targets and receptor signaling targets as seen in 
Table I. Our laboratory has„ recently explored the use of antisense oligonucleotides to 
pharmacologically manipulate the expression of certain cellular adhesion molecules 
(Chiang el al., 1991). 



Rationale for adhesion molecules as antisense targets 

The binding of circulating leukocytes to vascular endothelium is an obligatory step in 
the emigration of leukocytes out of the vasculature to the site of infection or injury 
(Harlan, 1985). Several endothelial proteins have recently been identified which 
mediate the adherence of leukocytes to inflamed vascular endothelium and subse- 
quent migration out of the vasculature (Stoolman, 1989; Osborn, 1990; Springer, 
1990). One such protein, ICAM-1, is a 95-105 kD glycoprotein first identified by the 
ability of a monoclonal antibody to block phoibol ester induced aggregation of a 
B-cell line (Rothlein et al, 1988). The cellular distribution of ICAM-1 is different 
from other endothelial cell adhesion molecules in that it is expressed in both 
endothelial cell and non-endothelial cells including leukocytes, fibroblasts, kernatino- 
cytes and other epithelial cells (Table H). ICAM-1 binds circulating leukocytes 
through LFA-1 (CDlla, CD18), a member of the fa integrin family (Marlin & 
Springer, 1987). ICAM-1 is a member of the immunoglobin gene superfamily 
containing five immunoglobulin domains (Simmons eta/., 1988; Staunton etaL, 1988; 
Tomassini et al, 1989). Expression of ICAM-1 is inducible by a number of cytokines 
including IL-1, TNF-or and IFN-y (Rothlein et al, 1988; Stoolman, 1989; Osborn, 
1990; Springer, 1990). The broad tissue distribution of ICAM-1 suggests that it is not 
only involved in the emigration of leukocytes out of the vasculature, but may play a 
more extensive role in immune responses. Additional roles suggested for ICAM-1 
include localization of leukocytes to the area of inflammation in extravascular spaces, 
enhancement of the recognition of antigen presenting cells by T lymphocytes, 
formation of lymphocyte germinal centers, enhancement of natural killer cell response 
and differentiation of thymocytes (Rothlein et al, 1986; Dustin etal, 1986 & 1988; 
Makgoba etal., 1988; Altmann et al t 1989; Boyd, 1989; Robertson etal, 1990; 
Springer, 1990). In addition ICAM-1 is the receptor for over 90% of the rhinovirus 
serotypes (Staunton etal, 1989; Tomassini et al, 1989). 



In vitro inhibition of ICAM-1 expression by antisense oligonucleotides 

During the initial evaluation of a series of phosphorothioate oligonucleotides targeted 
to specific sites within the ICAM-1 mRNA it was found that the cationic lipid, 
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DOTMA markedly enhanced the activity of the antisense oligonucleotides used in this 
study DOTMA was originally described as a vehicle for transection of DNA into 
cells (Feigner et al., 1987). Cationic lipid delivery methods differ from normal 
liposomal delivery methods, in that the DNA or oligonucleotide is not encapsulated 
within the liposome, but rather is associated with the surface of the liposome through 
ionic interactions. Preliminary data in certain cell lines indicate that DOTMA 
enhances cell association of oligonucleotides at least lo-fold and markedly changes the 
intracellular distribution of the oligonucleotide, with apparently less oligonucleotide 
being concentrated in endosomes or lysosomes and more found in the nucleus 
(Chiang et al, 1991; Bennett et al., in preparation). Therefore, in some cells 
DOTMA will enhance oligonucleotide entry into the cytoplasm of cells similar to 
direct microinjection. The use of DOTMA has the advantage over mcroinjection 
experiments in that oligonucleotides can be introduced into large number of cells 
allowing biochemical analysis to be performed. In addition, it was determined that 
DOTMA had no effect on the expression of ICAM-1 when used at concentrations 
that maximized oligonucleotide uptake and activity (Chiang et aL, 1991). The use of 
DOTMA in these experiments allowed us to determine which regions on the ICAM-1 
mRNA serve as the best target sites for antisense oligonucleotides and determined the 
mechanism by which antisense oligonucleotides inhibit ICAM-1 expression. To our 
knowledge this is the first report demonstrating that cationic lipids enhance antisense 
oligonucleotide activity in mammalian cells. 

Using DOTMA as a formulation medium we have demonstrated that ant sense 
oligonucleotides which target human ICAM-1 mRNA inhibit the expression of 
ICAM-1 in two cell culture systems HUVEC and a human lung carcinoma, A549 
(Chiang et aL, 1991). Screening antisense oligonucleotides which target a number of 
sites on the ICAM-1 mRNA revealed that two sites were especially sensitive to 
inhibition with antisense oligonucleotides; the AUG translation initiation codon and 
specific sequences in the 3 '-untranslated region. Data from these studies suggest that 
hybridization affinity is important for antisense oligonucleotides, as truncated versions 
of active oligonucleotides (<20-mers) exhibit decreased activity, however, hybridiza- 
tion affinity is not sufficient to ensure antisense activity. Therefore, target site 
selection is also an important parameter to consider when designing antisense 

oligonucleotides. . 

The most active ICAM-1 antisense oligonucleotide targets the 3 -untranslated 
region of the ICAM-1 mRNA. ISIS 1939 hybridizes to the ICAM-1 mRNA, nearly 
300 bases 3'- to the translation termination site, therefore it should not directly affect 
translation of the protein. This oligonucleotide was shown to inhibit the expression of 
ICAM-1 in endothelial cells as measured by ELISA using a monoclonal antibody to 
ICAM-1 (Figure 2). Under equivalent experimental conditions treatment of endothe- 
lial cells with ISIS 1939 blocked the adhesion of HL60 cells. Thus the blockade of 
ICAM-1 expression was coincident with the loss of functional activity of the protein. 
Oligonucleotides which hybridized to other sequences in the 3 '-untranslated region of 
ICAM-1 mRNA were not as effective as ISIS 1939 (Figure 2). Therefore, the effects 
of ISIS 1939 are unique to the target site to which it hybridizes. 

ICAM-1 mRNA contains three repeats of a consensus sequence, AUUUA, thought 
to be involved in destabilization of mRNA (Caput et al., 1986; Shaw & Kamen, 1986; 
Brawerman, 1989). An oligonucleotide that targets those sequences was shown to 
exhibit weak activity. However, ISIS 1939 targets an area approximately 200 bases 5'- 
to the AUUUA sequences. The region targeted by ISIS 1939 is predicted to be a 
stable stem loop structure which when bound would disrupt the structure. Analysis or 
steady state mRNA levels from oligonucleotide treated cells revealed that ISIS 1939 
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ISIS ISIS ISIS 

1939 2305 2307 

Figure2 Inhibition of IL-1 induced ICAM-1 expression in AS49 cells with anti- 
sense oligonucleotides which hybridize to the 3'-untranslated region of ICAM-1 
mRNA. Cells were treated with phosphorothioate oligonucleotides (20 mers) at 
concentrations of ■ 0.1 /m □ 0.3 /am □ 0.5 □ 0.7 /um H 1.0 jim in the presence 
of DOTMA. ICAM-1 expression was measured by ELISA using an ICAM-1 
monoclonal antibody 84H10 



specifically reduced the quantity of ICAM-1 mRNA per cell. The reduction of 
ICAM-1 mRNA was not due to decreased transcription of the ICAM-1 gene as 
analysed by nuclear run-off reactions. Therefore, ISIS 1939 must destabilize the 
ICAM-1 mRNA either by an RNase H dependent mechanism and/or by modulating 
natural processes which help to stabilize the ICAM-1 mRNA. 

Oligonucleotides targeted to certain other specific sites within lCAM-lmRNA 
were found to be potent inhibitors of ICAM-1 protein expression and cell adhesion. 
These oligonucleotides were targeted to sequences within the 5' untranslated region 
and the translation initiation region. The oligonucleotide targeted to the translation 
initiation region did not cause a reduction in the steady state level of ICAM-1 
mRNA; unlike that found with ISIS 1939. Taken together these data suggest that 
different oligonucleotides targeted to different sites on an RNA may inhibit the 
production of a protein by different mechanisms. 



Summary 

The notion of using antisense oligonucleotides as pharmacologic agents is a derivative 
of the central dogma of molecular biology and knowledge of the physical and 
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chemical properties that govern the structure of nucleic acids. The practical evidence 
that antisense oligonucleotides can be drugs is a result of the work of a number of 
laboratories, including those cited in this review. 

Key to the continued progress in the field of antisense therapeutics is the 
realization that oligonucleotides and their RNA targets work via the same principles 
of pharmacology that govern the actions of all other classes of drugs. Considering the 
properties of drugs that define their pharmacologic value, such as ligand-receptor 
binding affinity and fidelity and realizing the intrinsic properties of oligonucleotides, it 
is very clear that these compounds have enormous potential value in treating human 
diseases. 

During the next few years a number of oligonucleotide compounds will enter into 
clinical trials. These first generation antisense drugs (e.g. phosphorothioates) will 
encounter many of the same issues and hurdles that confront all novel pharmaceutical 
agents; large-scale process development, adequate methods and tools to define clinical 
pharmacokinetics and metabolism, etc. Another important component of this process 
is the continued examination and definition of the molecular pharmacodynamics and 
pharmacokinetics of these drugs. We need to better understand how the structure and 
function of RNA defines the sensitivity of specific target sites to antisense oligonu- 
cleotides, the precise role of RNase H and other intracellular enzymes and proteins in 
the mechanism of action in oligonucleotides, the process by which oligonucleotides 
penetrate cellular membranes and distribute in cells, the non-sequence specific 
interactions that oligonucleotides can engage in both in and out of cells, and the 
metabolic pathways (both nuclease and non-nuclease) and metabolites that are likely 
to play a role in the metabolism of antisense drugs. The combination of this 
molecular, cellular, and clinical information will allow us to better determine the 
specific molecular targets and diseases that can be successfully treated with the first 
generation of antisense drugs. As important, it will define the biology, chemistry, and 
pharmacology of second and third generation antisense drugs. 
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ABSTRACT 

5 '-TTGCTTCCATCTTCCTCGTC-3 ' (ISIS 2105) is a phospho- 
rothioate oligodeoxynucleolide currently being evaluated as an 
Intratestonal antiviral drug for the treatment of genital warts thai 
are caused by the human papillomavirus. ISIS 2105, labeled with 
y4 C (at the carbon-2 posliion of thymine) was administered as a 
single Lv. Injection (3.6 mg/kg) to female Sprague-Dawley rats 
to assess the disposition of the drug. After i.v. administration of 
["CJ2105, blood radioactivity disappeared in a muttiexponenUal 
manner with the half-lives of the phases equal to 0.4, 1.9, 7.1 
and S.1 nr. The initial volume of distribution was 22 ml and the 
postdlstribution volume of distribution was 1076 ml, which Indi- 
cated an extensive distribution of radioactivity. The apparent 
blood clearance was 147 ml/hr. The radioactivity in the expired 
air accounted for 51% of the administered dose over the 1 O-day 
period. Urinary and fecal radioactivity accounted for 15% and 
5% of the administered dose, respectively. The major sites of 
radioactivity uptake ware the liver (up to 22.6% of the dose), 
kidneys (renal cortex, up to 14% of the dose), bone marrow (up 
to 14% of the dose), skin (up to 13% of the dose) and skeletal 
muscle (up to 9% of the dose). Other tissues contained approx- 



imately 1% or less of the dose. The overall recovery of radioac- 
tivity 10 days posldosing was 95.1 ± 7.5% (mean ± SDJ of the 
administered single dose. The radioactivity in the blood was 
almost completely in the plasma during the course of the study. 
In the plasma, the radioactivity was extensively bound to pro- 
teins, as assessed by size-exclusion high-performance liquid 
chromatography (HPLC), In samples up to 8 hr posldosing. 
Retention data on size-exclusion HPLC and in vitro Incubations 
using purified proteins suggested that the plasma proteins that 
bound f*CJ2105 were albumin and c^-macrogtobuRn. The com- 
plex formed between the plasma proteins and f *C)21 OSderived 
radioactivity was dissociated on anion-exchange HPLC to indi- 
cate that the great majority of plasma radioactivity coeluted with 
intact ["C)21 05 in samples that contained sufficient radioactivity 
for analysis. There was a bmedependont decrease In the pro- 
portion of hepatic and renal radioactivity that coeluted with the 
intact [ ,4 C]2105 during the course of the study. The urine did 
not contain radioactivity tha* eJuted with intact f 4 Cp105 on 
anion-exchange HPLC. 



Substantial interest in the development of oligonuclcotide- 
bascd therapeutic agents has been generated (Zamencik et al., 
1978; Stein ec si., 1988; Mirabelli ct a)., 1991; Crooke, 1992). 
Several first-gcrcrahon oligonucleotide analogs, in which one 
or more of the subsotuents on the iaternuclcotide phosphate 
are modified, e.g., phosphorothioates, methylphosphonares and 
phosphorodithioatcs, have been synthesized and tested (Mat- 
aukura et al., 1987; Crooke, 1992). Each of these modification!! 
was shown to enhance the nuclease stability of oligonuc l eotides 
sipiificantly (Agrawal and Goodchild, 1987; Crooke, 1991). 

Phosphorothioate oligodcoxynuclcotides have been studied 
extensively as potential and sense therapeutic agents. They 
displayed potent antiviral activities and inhibitory activities 
against a wide range of mammalian gene products (Mirabelli el 
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al., 1991; Crooke. 1992). Although phosphorothioate oligode- 
oxynucleotides may display pharmacological activities that arc 
the result of mechanisms other than antisense, typically, non- 
antisense effects occur at doses significantly greater than the 
antisense effects (Mirabelli ct el, 1991; Crooke, 1992). Optimal 
antisense activities for phosphorothioate ohgodeoxynucleo tides 
arc usually observed with oligonucleotides that are 18 to 21 
nucleotides in length (Cohen, 1989). 

Phosphororhioatc oiigodeoxyuuclcotides have been shown to 
be stable (half-lives > 24 hr) in serum, cell homogenntes, cells, 
cerebrospinal fluid and organs (Crooke, 1991; Campbell ct al., 
1990: Aerawal et al.. 1988; Crooke, 1993; Stein et ol> 1988; Loke 
et ai, l989;Holccet al . ( 1991), They were taken up by a any 
types of cells m tissue culture (for review, see Crooke. 1991; 
Crooke, 1993) and cellular uptake and in vivo activities can 
sometimes be enhanced by cationic lipids (Bennett et at., 1992; 
Perlaky et al., 1993). 



ABBREVIATIONS: HPLC, high-parfgnunce liquid chroMtography; SE-HPLC, size-exclusion HPLC; SU-HPLC, strong anion-exchange HPLC; 

ISIS2105. 5^TTGCTTCCATCTTCCTCGTC-3 # : AUC t araa under the plasma curve. 
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Two previous studies investigated the pharmacokinetics of 
phosphorothioate oligodcoxynucleotideB in animals. The phar- 
macolaneiics of a 20-mer phosphorothioate oligodeoxynucleo- 
tide were determined after single i.v. or i.p. do»&s of 30 mg/kg. 
The oligonucleotide was labeled at each intcmucleoude linkage 
with "S- The compound was shown to be bioavailablc after i.p. 
administration to have broad peripheral tissue distribution and 
to be cleared primarily by renal excretion. Gel elccuophorcric 
analysis demonstrated significant, albeit slow, metabolism in 
ihe liver, kidney and intestines (Agrawal et al M 1991). A 27-mer 
phosphorothioate deoxyoligonucleotide labeled with **S was 
reported to display biexponenlial elimination in plaama with 
an elimination half-life in excess of 40 hr after a single i.v. dose 
of 4.8 mg/kg in the rat (Iversen, 1991). 

ISIS 2105 is a phosphorothioate deoxyoligonucleotide that is 
active against human papillomaviruses (Coweert et fli, 1993). 
Il is currently undergoing pivotal Phase II clinical trials for the 
treatment of genital warts. There were two objectives of the 
current study. First, we wanted to develop and evaluate a 
radiolabeling method thai results in bighcr-speaiic-acrivity 
oligonucleotides to support more detailed pharmacokinetic 
studies and a more definitive evaluation of metabolism that 
could be used in clinical trials. Second, we sought to perform 
more definitive pharmacokinetic distribution and metabolic 
studies in which metabolites in the plasma, urine and tissues 
were evaluated using HPLC techniques that support more 
quantitative analyses. 

To achieve these objectives, we radiolabeled ISIS 2105 at tbc 
carbon-2 position of all thymidines. Because thyrnidine is me- 
tabolized into CO* metabolism can be measured by collecting 
expired air. This provides an estimate of the total metabolism 
of the oligonucleotide. Coupled with the extraction of radioac- 
tivity and HPLC analysis, a reasonably precise evaluation of 
metabolism can be achieved. Obviously, a full evaluation of 
metabolism will require the analysis of intermediates between 
[he intact oUgoniiclecode CO*. We also developed HPLC 
methods to evaluate the integrity of the radiolabel in tissues 
and biological fluids. 

Materials and Methods 
ISIS 2105 Synthesis and Purification 

The "C-ltibeted phomhoronnoate ISIS 2105 was chemically synthe- 
sized by using the deoxynucleoside phosphoramiditc approach (Beau- 
cnge and Caruthcrs. 1981; Mtttcucd and Caruthcra, 1981). The phoa- 
phoroihioate linkage was generated by oxidizing wim l H-l^»beaaodi- 
thialc-3-on>li-diowde Clycr « aL t 1990) instead of aqueous iodine. 
All reagents and materials for the solid-phase synthesis of DNA were 
purchased from commercial sources with the exception of the M C- 
ihymiainc phosphoiamidite. The "C-labeled phosplioramidite synthofl 
was generated from "C-tfaymidine ("C at tbc carbon-2 position of die 
thymine ring (specific activity, -56.3 mCi/mmol, Sigma, St. Louis. 
MO) us described elsewhere (t>. DcUinger and H. Sasmor, manuscript 
in preparation). 

The crude synthetic oligonucleotide was purified by trityl-on reverse* 
phase HPLC by using a methanol gradient in a 025 M sodium acetate 
mobile phase buffer. The HPLC product was acid deprotected and 
recovered by edumol precipitation as the sodium sail. The final product 
was analyzed by using elacnopboresis wfdi 20% denaturing polyacryi- 
amidc gels and the full length integrity (88% full length material) and 
the radiochemical purity (B8% of counts per minute in the full length 
product) was determined by laser scanning densitometry and quanti- 
tative phosphorimuging (Molecular Dynamics, Foster City, CA), re- 
spectively. The specific activity of die final product was -2.0 x 10* 
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cpm//imol and had approxin»i*ty 97.6% phoxphorothiodiesur content 
(us. 2.4% pbospbodiester) as determined by high-field nuclear magnetic 
resonance (500 MHz, University of Missouri, Columbia, MO). 

Formulation of U C-ISIS 2105 in ptopbxte-buffend aalinc. 
We formulated 2.22 x 10* cpm (1 1.7 pmol) of *• purified product by 
dilution in phMphate-burTercd saline, pH 7.0, (Irvine Scientific. Pasa- 
dena, CA) to deliver 2 X 10' cpm per 100-fil injection. The solution was 
sttrile filtered through a Q22-ym cellulose acetate finer (S&S Uniflow, 
Keene, NH) and the radioactiviry was determined in* 100 *d by 
aqueous scintillation, 

Animate 

Young adult female 5prague*Dawlcy rats (9-10 weeks old, 175-209 
g at the lime of randomizauoii) were purchased from Taconic Farms 
(Oennaotown, NY). Tbc animal a were oceti mated to the surroundings 
of die animal facility used for radioactive studies for apnroxrrnaiely 1 
week before dosing and were examined by a veterinarian before they 
were assigned to the study. During acclimarioa, die rau were housed 
in individual stainless steel suspended cages with rionconrect bedding 
(Cellu-dri, Shepherd Specialty Papers, Kalamazoo, MT). Twenty-four 
hours before dosing, the rats to be uied for urine, feces and expired air 
collection were transferred to Nalgcne metabolism cages (Nalge, Roch- 
ester, NY). At the Tims of dosing, the animals used for die collection 
of urine, feces and expired air were transferred to glas* metabolism 
cages (Vanguard TrccrnationaL Neptune, NJ). The animals used for 
the collection of relro-orbitai blood samples, but not for urine and 
feces, were housed individually in stainless steel suspended cages. Each 
cage was labeled with ihe animal identification number. Food and 
water were allowed ad libitum. The food consisted of Purina Standard 
Rodent Chow {#5001, Raltcch Scientific Services. Su Uuia, MO) in 
pellet form. The water was city tap water. 

Compound Administration 

The [ M C]2105 was adminisiercd in solution in phosphate buffer, pH 
7, to rats by uv. injection' (100 4) into the caudal tail vein. The 
concentration of [ l4 C]2106 was 1.2 mM; therefore, the dose level was 
approximately 3-6 mg/kf. The actual doses administered were calcu- 
lated by using the assayed concentration of radioactivity m a 100-pl 
volume of tbc fcrmulat ion/The [ |4 C]2105 was administered to 25 female 
rats, five rats were used for the collection of urine; feces, expired air 
and tissues at the time of sacrifice. The remaining 20 animals were 
used for the collection of blood st intervals after dosing and tissues at 
the time of sacrifice 

Sample Collection 

Urine and feces. Urine and feces were collected from the five 
aniniaU housed in glass metabolism cages at 0 to 4, 4 to fi, ft to 24, 24 
to 48, 48 to 72, 72 to 96, 96 to 120. 120 to 144,144 to 168, 168 m 192, 
192 to 216 and 216 to 240 br after administration of [ w C]2l05. 

The urine and feces were frozen immediately on excretion and were 
kept frozen tor me entire collection period. Before sacrifice, the animals 
were made to urinate by gentle pressure on the urinary bladder and 
this urine was combined with the last sample collected. A thorough 
cage wash wiib water was performed at the time of sacrifice. At sacrifice, 
the blood and plasma were obtained as described subsequently. Urine, 
faces and cage washings were stored in a -20°C freezer. 

Expired air. The radioactivity in the expired air was collected from 
the five animals housed in glass metabolism cages in a scries of two 
traps. The traps contained 6 M KOH for the collection of "COa. The 
radioactivity in the expired air was collected during the following 
intervals: 0 to 4, 4 to 8, 8 to 24, 24 to 48, 48 to 72, 72 to 96, 96 to 120. 
120 to 144, 144 to 168, 168 to 192, 192 to 216 and 216 to 240 ur after 
the adminismrtioa of [ M C]2105. The KOH samples were stored in a 
4°C refrigerator until analysis. 

Blood. Single blood samples (approximately 50-100 pi each) were 
obtained by retio-orbital puncture from two animals at each of the 
following limn points: 0,5, 1.5, 3, 6, 12, 36, 56, 80, 104 and 128 hi- 
Capillary tubes containing blood were stored on ice until the blood 
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aliquoted into combustion cones. Two animuls were sacrificed at the 
folding lime points: I, 2, 4, 8. 24, 48. 72, 9*120 144 braDer 
dosing. At sacrifice, the animals were anesthaozed with CO, and the 
h lood (5 ml) wu recovered by cardiac puncture and tmnsXcrtad into 
h«aruuzefl Vacuiaincr tubes (Becton Dickinson, Rutherford. NX). The 
p lM ma was obtained from the blood by centriftigndcn and kept cn tee 
before storage at -20°C. Animals were sacrificed by exsanguinanon. 

Tissue. At tbe time of sacrifice, the liver, kidneys, spleen, lungs, 
brain, eyes, bone (femur), skeletal muscle (representative sample) 
ovaries, uterus, representative donal skin and euros* were collected 
and immediately frozen on dry ice and stored in a -20-C freezer. 

Analytical Procedures 

All determinations of lotal radiemdiviry in the tissues, excreta and 
blood were mode with a Beckrnan LS 6000 scinrillarion system (Fuller*, 

ton, CA). . . ^ <• • • • a ii 

The weight of the urine was determined. The radioactivity in dupU. 
ate samples of urine, plasma and cage rinse was deLerrmiied in Scint- 
A XF (Packard Instrument Downers Grove, TL). The rndtoaenvrry m 
duplicate samples of KOH was determined in modified Bray's solution 
(Nomeir ei el, 1992). feces were weighed and homogenized with 
distilled water (20% w/w) with a Brinkmann Porytron homogenizer 
(Lucerne* Switzerland). 

The liver, lung, brain and spleen dimples were weighed and finely 
minced before combustion. The skeletal muscle (representative sam- 
ple), blood, uterus, eyes and ovaries were weighed hut not pretrented 
before combustion. The hone marrow was removed from bone and 
weighed before combustion. The renal medulla and cortex were excised 
Som the kidneys and a) i quota were weighed before combustion. The 
carcasses from the animals that were used to determine mass balance 
and the akin (rcpresantarive sample) were weighed, powdered on dry 
ice with a Waring (New Hartford, CT) blender and homogenized with 
distilled water (33% w/w) with a Brinkmann Porytron homogenizer. 

Duplicate samples (total sample size allowing) of fecal homogenatcs, 
tissue minces and wl\olc tissues were aliquoied and then underwent 
combustion with a Packard Triearb oxidizer, model 307. The *C 
radioactivity was crapped in Carbosorb 11 (Packard Insmimant). The 
recovery of the combustion system was deroennned on a dairy basis and 
ranged from 97% to 100%. 

Extraction of tissue radioactivity. To approximately I g of liver, 
0.5 ml of extraction buffer (0 5% NP-40, 20 mM Tris HC1, pH 8.0, 20 
mM EDTA, 100 mM NaCl and 2 mg/»l of proteinase K) was added 
and thg tissue was homogenized using a Bessman tissue pulverizer 
(Spectrum, Houston, TX) Mowed by using ihe A pestle of a 7-ml 
Dounce-rypc tissue grinder (Wheaton, Millville, XT). One kidney from 
each animal was dissected into the cortex and medullar regions. We 
combined 0.1 to 0,2 g with 0.25 ml of extraction buffer and homogenized 
it in a 1-mi Dounce-rype tissue grinder (Wheaion) by using die A 
pesrie. All samples were then incubated at 65"C for 24 far, followed by 
cenrrirugntion at 16,000 x g at 4*C for 15 min- The tupermtams were 
removed and stored frozen at -70X until analysis. 

All samples were filtered through on Ultratrce-MC 0.22-*im filter 
(IvTMiporc Bedford, MA) at 4*C. Before analysis, the liver and kidney 
samples were dawed and unlabeled ISIS 2105 was added to a final 
concentration of 100 #*M. The plasma samples were thawed at room 
temperature and immediately analyzed 

HPLC. SAX-HPLC was used to determine the metabolic profile of 
the plasma and urine and hepatic and renal tissues. Ton-exchange 
analyses were carried out using a Beckman System Gold limnd chro- 
matography system with model 126 pump*, model 507 uutoinjector, 
and model 166 detector. We analyzed 40 4 of each sample of plasma 
nnd urine, or of liver or kidney homogenaic, at 260 nm on a 4.6 x 100- 
mm Gen Pak Fax column (Waters, Milford, MA) by using the following 
buffers and gradient: buffer A. 0.086 M Tris HO, pH 8.0. 20% nnetha- 
nol; buffer B, 0.086 M Tris HO, pH 8-0, 1.5 M NoBR; gradient, 0% B 
isocraiic for 5 nrin and then linear to 60% B over 45 min at a flow of 
0.5 ml/min. Fractions (0.5 ml) were collected and added to 5 ml of 
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Readysafe scintillation cocktail (Beckman) and then counted in a 
Beckman model LS6000IC scintillation counter. 

The plasma sample* were also analyzed by ScVHPLC by using a 
Hewlett-Packard (Paiadeait, CA) model I09O M hmrid ehrorratography 
system and a 7,8 X 300-mm TSK-gel G2000 SWXL column CTosohaas, 
Montgomcryville, Pa). The analyses were carried out in 0.05 M 
NajHFO* 0.1 M N*,SO, and 0.05 M NslfcFO,, pH 7.0, at a flow of 
0.43 ml/min. On-line radiochemical detection was accomplished with 
a Radiomaric FLO-ONE/bcta model A-525A detector (Packard Instru- 
ments, Meridcn. CT). The scintillation cockSail, Ururoaw-Flo-V, was 
purchased from Packard Trunruments and was used at a flow rate of 
0.9 ml/min. 

Calculations 

The concentrations of radioactivity in the samples processed by 
combustion were corrected for the recovery efficiency of the combustion 
system, which was determined dairy before the combustion of experi- 
mental smnples. The observed radioactivity values were converted to 
compound rt* oeuuivoleni concentrations. The racHoequivalcnti were 
defined as the amount of parent compound, at die sped Ac activity as 
administered, that would result in the observed disintegrations per 
minute value. Compound equivalents in a biological sample were de- 
termined by dividing the m'sintegrations per minute in the sample by 
the specific activity of the compound in disintegrations per minute per 
microgram The compound equivalents were expressed m micrograms 
per gram of tissue and, when possible, as a percentage of the adminis- 
tered dose/organ or tissue. For me purpose of calculating a mean ± 
gfi t| the tissue samples in which the nidi cacti vity was less than twice 
the background for the system, the ctpnvulenis were less than 0.005 
microgram equivalents per gram or the ramoactivhy was less than 
0.005% of the dose were considered to have a vahie of zero. 

The radioactivity in urine, feces, volatile traps and cage rinse was 
expressed as a percentage of ibe administered dose for each time 
interval and as a cumulative percentage. For the purposes of calculating 
a mean ± SIX, urine, feces, expired air and cage wash samples m which 
the radioactivity was leas than twice rhe background for mc system or 
me radioactivity was less than 0.05* of the dose were considered to 
have a value of zero. 

rliarrnaeokinetic parameters for the ISIS 2105 equivalents in blood 
and plasma were calculated by polyexponential curve rrrang of the 
observed concemtations. using the RSTRTP, Polyexponential Curve 
Fitting Program, Version 4.02 (Micrornmh Scientific Software, Salt 
Lake City, UT)- The areas under the concermancm-rime curve and the 
terminal elimination half-lives for tissues were calculated by using 
noncorrtpannicntal analysis of me observed data (Shurnaker, 1986). 

Results 

Percentage of the Dose of ["CpiQS in Tissues 

The percentage of the dose in the tissues at intervals after 
the singlc-dose administration is summarized in table I. The 
maximal percentage of the dose in the liver (23%) was observed 
4 hr after dosing. The maximal percentages in the renal cortex 
(14%) and renal medulla (3%) were observed at 4 and 8 hr after 
dosing, respectively. At 240 hr after a single i.v. administration, 
a significant portion of the radioactivity remained in the tis- 
sues. The highest percentage of the dose was observed in the 
renal cortex (4%), followed by the akin and bone marrow (3^ 
each). A lesser percentage was observed in the liver (2%). All 
other tissues contained less than !% of the dose. The total 
percentage of the dose recovered in the tissues and carcass at 
240 hr was approximately 20% (ttble 2). 

Urinary Excretion of [*C]2105*wwed Radioactivity 

The mean cumulative percent of [ 14 C]2105-derived radioac- 
tivity excreted in the urine is summarized in figure t. The 
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feuvery of drug-related radioactivity from female Sprague-Oawiey rats 246 hr after a single i.v. administration of ["epiCS at a dose of 
approximately 3.6 mg/kg 



Mral No. 



Sonpti 



2321 



2322 



2323 



m 



i*»n±9J). 



Urine 
Feces 

Expired air 
Tissues 
Cage wash 
Total 



4.5 
61 .8 

16.1 
3.6 
95.7 



16.2 
4.2 

S1.6 

21.6 
4.0 

97.fi 



15.3 
4.3 
55.1 
16.3 
4.3 
100.6 



15.0 
5.9 

51.4 

22.9 
S.fl 

99.2 



4.1 
43-7 

20*i 
2.3 
ft. I 



15.1 ±2,2 
4.6 ±0.7 

51.1 ±5.L 

20.3 ±2.2 
4,0 ±1.1 

95.1 ±7.5 



percentage of [ u C]2105-deri»ed radioactivity excreted by the 
urinary rouie was 15.1 ± 2.296, primarily within Ihe first 72 hr. 
The urinary excretion rate resulted in an elimination half-life 
of 55 hr (table 3). 

Fecal Excretion of [ 14 cpi OS- Derived Radioactivity 

The mean cumulative percent of [ M C]210S-demed radioac- 
tivity eliminated in the feces is summarized in figure 1. The 
percentage of [ M C]210fi-derived radioactivity excreted in the 
feces was 4.6 ± 0.7%, primarily within tbc first 96 hr, 

Excretion of f^CpiOS-Derived Radioactivity in Expired Air 

The excretion of [ w C]21G5-derived radioactivity in expired 
air is illustrated in figure 1. The majority of the i.v. dose of 
[ l *C]2105 (51.1 ± 5.1% of die dose) wuh eliminated by expired 
air, primarily within the first 96 hr. The expiration rate of [ l *C] 
2105 •derived radioactivity resulted in an elimination half-life 
of 60 hr (table 3). 

Total Recovery of F*CJ2105-Oerived Radioactivity 

The total recovery of [ M C]2l06-derived radioactivity after a 
single Lv. dose of ["C]2105 at 3.6 mg/kg is summarized m table 
2. The majority (51%) was recovered in the expired air. A 
smaller percentage was recovered in the urine (15%) and in the 
feces (4.6%). The remaining radioactivity was recovered in the 
tissues and carcass (20%) and the cage waah (4%). Overall 



recoveries ranged from 82% to 101% with a mean for the five 
animals of 95,1 ± 7.5%. 

Pharmacokinetics of ISIS 210$ Equivalents in Blood and 
Tissues 

The pharmacokinetic data analysis is based on microgram 
equivalents of ISIS 2105 present in the matrices. As such, toe 
data describe the pharmacokinetic behavior of ISIS 2105-re- 
latcd radioactivity and not necessarily unchanged parent fSIS 
2105. 

Pharmacokinetics in blood. After i.v. administration, a 
peak blood radioactivity concentration of 17-2 ng equivalents/ 
g was achieved. The concentration versus time profile in the 
blood is shown in figure 2, along with the fined polyexponential 
curve used to calculate pharmacokinetic parameters. The blood 
radioactivity versus time profile was poryexponential, with four 
phases (table 3). The initial phase had a half-life of 0.4 hr aud 
the terminal elimination phase had a half-life of 51 hr. The 
plasma data paralleled the blood elimination profile but the 
terminal elimination half-life was 40 hr (data not shown). At 
each of the corresponding time points, all or most of the 
radioactivity was associated with plasma and nor with formed 
elements of blood These data strongly suggest no binding or 
distribution of ISIS 2105 on or in the red blood cells. As would 
be expected from the long terminal half-life, Ihe apparent blood 
clearance after Lv. administration was low, i.e., 14.7 ml/hr 
(tabic 3). 
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Fig. 1. Hean C± S.O., n = 4) emulative parcentjge of the iose ftHalnatsd 
as^ 4 COi (•), in urine (A) and In feces {*) of f mil Sprague-Oawtey rats 
after l.v. administration of [ ,4 C]2105 at a dowof 3.6 «g/leg. 

The initial volume of distribution was 22.0 ml and the poat- 
difiiributioTi volume of distribution was 1076 ml which indi- 
cates extensive partitioning into the tissues. 

Pharmacokinetics of tissue radioactivity. The tissue 
radioactivity concentrations were highest in the liver, kidney, 
spleen and bone marrow (table 1). The elimination half-life 
from the liveT was 62 hr, which approximated thai seen in the 
blood. The elimination half-life was prolonged in the kidney, 
with observed values of 112 hr in the cortex and 156 hr in the 
medulla, The clirnination half-life of radioactiviry from ihe 
bone marrow was 78 hr (table 3). 

The areas under the concentration versus rime curves for the 
tissues (bone marrow, liver, spleen and kidney) were calculated 
to gauge a relative drug exposure level after Lv. administration 
of f li C)2105- For these four tissues, comparisons were made per 
gram of tissue and not adjusted for the total organ weights. Of 
these tissues, the liver and spleen received the lowest exposure, 
with AUCi^ja of 1158 and 1618 m£ equivalents-hr/g, wapec- 
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tively. The kidney medulla received 5.6 times Ihe liver exposure 
or 6497 jig ea^irvaJenis-br/g. The kidney cortex received the 
highest exposure, 15688 M g equivalems&/g f approximately 2.4 
limes the medulla and 13.5 times the liver exposure. The bone 
marrow exposure was approximately 2 times the liver exposure, 
with an AUC of 2526 ng equtvalents-hr/g- These AUCs were 
much higher than the blood AUC; this again suggested signifi- 
cant parutionmg of ISIS 2105 equivalents into the tissues. 

Characterization of Plasma, Tissue and Urinary 
Radioactivity 

Plasma radioactivity was present in two peaks as assessed by 
SE-HPLC (fig- 3). The majority of the radioactivity ehned with 
a retention lime that was the same as that of ihe known 
complex formed between purified rat albumin and ["C}2105 
(approximately 18 min). A smaller proportion of the plasma 
radioactiviry eluted with a retention time that was the same as 
that of the known complex formed between purified human a*- 
microglobulin and [ l4 C]2105 (approximately, 15 nun). Little or 
no radioactivity eluied with a retention time of authentic [ U C] 
2105 (approximaiely 23 rnin). Preliminary studies (Cossum et 
al. f manuscript in preparation) demonstrated thai the affinity 
of ISIS 2105 for albumin and aj-mactoglobulin was in the 
micromolar range and that binding to both proteins was saw- 
rated when ISIS 2105 concentrations exceeded 5 to 10 pM. 

To determine the integrity of ISIS 2105, plasma was applied 
directly to SaX-HPLC. The buffer in thai system results in 
the extraction of radioactivity from plasma proteins. When a 
tissue pulverizer step was included, the total recovery of the 
radioactivity was approximately 60%. If only simple homoge- 
nizniion with a Dounce horaogenizer was used, only approxi- 
mately 30% of the total radioactivity was recovered. However, 
a comparison of me sumples by HPLC revealed no differences; 
thus, both methods probably extract representative samples 
from the tissues. When plasma sampled from rats foT up to 8 
hr postdosing was subjected to SAX-HPLC, the majority or the 
radioactivity eluted with authentic ("CJ2105 (fig. 4). The ra- 
dioactivity in peaks eluling earlier than authentic ["C]2105 
were, presumably, shorter metabolites of [ M C]2105. At the 8-hr 
time point, approximately 38% of the radioactivity represented 
intact ISIS 2105. A determination of the proportion of intact 
ISIS 2105 in the plasma obtained after 8 hr (Le. t a 24 hr) was 
not possible because of the tow levels of radioactivity in those 
samples. 

Figures 5 and 6 show anion- exchange radiochromato grams 
of extracts of hepatic and renal cortex tissues, respectively, 
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pharmacokinetic parameters of ISIS 2105 equivalantr after a single i.v. administration of [ W C]21QS at a dose of 3.6 me/kg 
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Fig. 2. concentration of ISIS 2105 equivalents inthe blood I of fettle 
Sprague-Dawlev fits after l.v. adil mstratlon of rC]21 85 it a dost of 
3.6 ng/kg. Each point represents the average of the values for two 
animals. The dashed line represents the line of bast fit estimated froi 
theteCrr-companmentiiodel . 




Fig. 3. SE-HPLC radio chrotietograis of plasm saniled from faille 
Spragua-DaKley rats at various tines after l.v. administration of jpq 
2185 at a dose of 3.6 trig/kg. The control peak represents rCPIOS 
that has a retention time of approximately 23 itn. The plasM saiples 
froi dos&c rats contained radioactive peaks eluttng at approximately 15 
■in and approximately 16 tin. 

sampled at various limes after the administration of [ M C]2106- 
The proportion of apparently unchanged ( M C]2105 decreased 
with time. The proportion of radioactivity present as apparently 
intact [ M C]2105 varied between Ihe liver and kidney; [ W C]2105 
was more stable in Ihe kidney than in the liver. After 24 hr, 
approximately 15% of the radioacuviry extracted from the liver 
represented intact ISIS 2105 and only trace levels of intact 
ISIS 2105 were present ai 48 hr. By contrast, even after 96 hr, 
48% of the radioactivity extracted from the kidney represented 
intact ISJS 2105. 

Figure 7 shows anion-exchange radiochromato grams of urine 
sampled tor up to 96 hr postdosing. Lirde or no radioactivity 
eluied with the same retention rime as authentic [**C]2105 at 
any sampling lime. 

Discussion 

The radioactivity in the blood was located almost entirely in 
the plasma for 3 to 4 days after dosing. Only low levels of 
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radiolabcl were detected associated with the cellular compo- 
nents of the blood. The radioactivity in the plasma was asso- 
ciated with albumin and ata-macroglobulin; only a Trace of free 
P 4 C]2105 was delectable in ihe plasma. Preliminary data sug- 
gest that ISIS 2105 binds to these proteins with a relatively 
low 'affinity and thai binding is clearly saturable (Cossum et 
al., manuscript in preparation). The radioactivity bound to 
those plasma proteins represented mostly intact [ M C]2105. 
However, the levels of radioactivity in plasma were insufficient 
to determine the integrity of the drug at times beyond B hr 
postdosing. 

There was a rapid and substantial distribution of radioactiv- 
ity from the blood into ihe tissue*. The initial volume of 
mstriburicm of 22.0 ml approximates the blood volume of the 
rats used in this study. The rx)sidistriburior> volume of distri- 
bution was 1076 ml, a value that indicated the distribution of 
radioactivity into a "deep*' compartment A four-cornpirtrnem 
model fit the data best fi.e.. r* 0.398 vs. 0.823 for a two- 
coraffUTmenl model). However, in other studies wc have per- 
formed, a two-compartment model til the data best. Conse- 
quemly» we think the complexity of the model most likely 
results from minor animal- to-animal variations and the fact 
that radioequivalents were considered rather than intact drug. 
In future studies, we wilt aliempt to address this issue in more 
detail. In any event, the elimination half-life was prolonged 
and examination of intact drug levels suggested a relatively 
prolonged elimination half-life for the intact drug and radio- 
equivalents. The primary organs of accumulation of radioactiv- 
ity were the liver, kidneys (particularly the renal cortex), bone 
marrow and spleen.. The kinetics of distributor, of the radio- 
label into the peripheral organs varied. Peak levels were 
achieved in the liver and kidney 4 hr after the dose. By contrast, 
peak levels in the skeletal muscle were observed 1 hr after the 
dose and peak levels in the bone marrow were not achieved 
until 24 hr postdose. Skin accumulated a surprising amount of 
radiolabcl, with peak levels thut occurred 1 to 4 hours after 
administration. 

That the radioactivity in various organs represented intact 
P 4 C]2105 and metabolites was demonstrated by extraction 
followed by SAX-HPLC. Although its metabolism in the liver 
was extensive, the rule of metabolism was relatively slow. 
Twenty-four hoars postdosing, approximately 15% of the total 
hepatic radioactivity was present as intact ["CJ2105. The me- 
tabolism in the kidney was mirnmum because intact drug was 
present even 96 hr postdosing. The extensive metabolism in 
the liver, coupled with the lack of metabolites found in Ihe 
kidney and complete absence of intact drug in the urine, sug- 
gested that, after the initial distribution, only limited redistri- 
bution between the HveT and kidney (and presumably other 
organs) occurred. 

In this study, "C-labeled ISIS 2105 was synthesized using 
u C-labeled thymidine labeled at the carbon-2 position of thy- 
mine. The fate of thymidine is either through utilization mto 
DNA or degradation to thymine (Henderson and Patterson, 
1973). In mammals, the carbon-2 position carbon of thymine 
is degraded to CO* and so production of "COj would be expected 
when thymine is labeled at that carbon (Henderson and Pat- 
terson, 1973). Thymine could have been generated from ISTS 
21 05 in vivo in at least two ways. The putative metabolic scheme 
would involve hydrolysis of the phosphorothioate backbone, 
which eventually would generaie thymidine Subsequently, thy- 
midine phosphorylase could dethiophosphorylate the thynu- 
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Rg.4.SAX-HPLC radlochpouatograas of plasna 
4oon siapled from feule SprigM-Bawley rats at various 
^ c tines after idannlstritlon of [ 14 C]21 15 it i dosa of 
aorvv f 3.6 nw/kg. The plasna contained radioactivity that 
^° ff duSfpMnc1pal1yw1thrC)21«5{approiiMti1y«i1n). 
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Hg.iSAJWtPUradloehroMtograBs of extracts of liver 
ssipled frm faale Sprigue-Dwlay rats at various tltcs 
after tv. atolni strati on of p'cpiOS it a dost of 3.6 mg/ 
leg. Authentic [ M CJ2105 etutas at approximately 43 (tin. 



dine or the thiophosphate might be oxidized first and the 
phosphorylasc then would release phosphate. Thymine could 
ihen be runner metabolized to CO* Thymidine phosphorylasc 
is a cytoplasmic enzyme with highest activity in the intestinal 
mucosa, liver, bone marrow, kidney and spleen (Friedkin and 
Robens, 1954). Consequently, the limited amounts of degra- 
dation products in the kidney suggest chat the rate-limiting 
sLcp in the pathway is hydrolysis. This is consistent also with 
the slow overall metabolism observed. In this regard, it is 
important also to recognize that approximately 2-4% of the 
mtarnucleotide linkages m [ M C]2105 were phosphate resulting 
from the oxidation of the phosphorothioate during synthesis. 
This is greater than the routine specification for unlabeled TSIS 



2105 (0.6%) and could account for a slightly greater hydrolytic 
rate of radiolabeled ISIS 2105. 

Alternatively, it is possible mat thymine was removed from 
(t*C]2105 by a grycosidic bond cleavage without prior hydrolysis 
of the intctrracleotide linkage. DNA glycosylates are nuclear 
enzymes that remove purines or pyriraidinc* from DNA as part 
of repair mechanisms, The resulting apurinic or apyrimidinic 
site in the oligonucleotide would be expected to be susceptible 
to endonuciease action (Warner, 1983). Further studies are 
required to elucidate the mechanism(s) of ISIS 2105 degrada- 
tion. 

The principal, albeit slow, mechanism of clearance of ISIS 
2105 in rats is metabolism. Of the total dose, in excess of 50% 
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fig. 6. SAX-HPLC radlochroMto^rams of extracts of renal 
cortex saipled froi feaale Sprague-Dawley rits at various 
| tlies af«r l.v. administration of T*CJ21 «S at a dose of 3.6 
mfl/kg. Authentic [ ,4 CP1 K elutes it approximately 43 am. 




Fig.7. SAX-HPLC radtaehronwbcjams of urine aanv 
£ pled froi feiale Spragtie-Dawliy rats at wious tlaes 
* after i.». adalM strati on of T 4 CJ2105 at a dose of 3.6mg/ 
°°0 kg. Authentic ["cpiOS ohitw at approximately 43 tin. 



was recovered in expired air. Only metabolites were found in 
the urine and urinary excretion accounted for only 15% of the 
total dose. There was no evidence of significant biliary secretion 
or hepatobiliary recirculation. 

Although the results of this study and the study of Agrawal 
et al. (1991) were similar, there were several important differ- 
ences. Agrawal et al. (1991) did not report on plasma protein 
binding. ISIS 2105, and every other phosphorothioate oligo- 
nucleotide we nave studied, binds extensively to plasma pro- 
teins. The binding is low tffinity and high capacity, which is 
traditionally associated with many other classes of drugs and 



their interaction whh plasma proteins. Wc consider this to be 
one of ihe principal reasons that phosphorothioate oligonucle- 
otides are not cleared rapidly by renal filtration. At the 30-mg/ 
kg dose used by Agrawal ct aL (1991), we would expect the 
plasma protein binding to be saturated and, therefore, to result 
in significant levels of tree drug in the plasma. Approximately 
30% of the i.v. or i.p. dose of radioaaivity after dosing with the 
"S-labeled oligonucleotide was recovered in the urine by 24 hi 
postdosing and gel electrophoresis of the urine indicated the 
presence of intact drug. At early time* (0-6 hr) after i.v. dosing, 
95% of the urinary radioactivity cocluted with intact drug and, 
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up io 24 hr postdosing, only 15% degradation was noted The 
urine of mice dosed Lp. contained material that was only 10% 
intact parent drag at 24 hr postdosing. Ar no time did we 
observe intact drug in the urine. 

Two preliminary reports of studies on ao anti-rev 27-mer 
phospliorothioate oligodcoxynucleotidc have been presented 
(Bigelow ct al., 1991; Bigciow et al.. 1992). In these studies, the 
drug was given by a variety of routes (i.v. bolus, i.v. infusion, 
tx. and p.o.) and concentrations of intact drag were determined 
by HPLC Reparation and ultraviolet detection. Excellent bio- 
availability from a.c. sites and limited p.o. bioavailabiliry were 
reported. Tissue accumulation similar to our results was re- 
ported. A significantly shorter plasma half-life wu reported 
but this was probably the result of the relatively insensitive 
detection methods. Wc have studied the pharmacokinetics of 
several oligonucleotides after intradermal i.m., i.p. and introv- 
itraal administration and articles describing these results are 
in preparation. 

Agrawal et al. (1991) reported that 85% to 90% of the 
radioactivity present in most tissues of mice 48 hr after the 
administration of a M S-labeled phosphorothioate oligonucleo- 
tide was associated with intact drug. However, only 50% of the 
radioactivity in the liver and kidneys was associated with the 
parent drug at 48 Hr. Only approximately 5% of hepatic radio- 
activity waa present as apparently unchanged [ M C]2105. By 
contrast, the majority of renal cortex radioactivity in 96-hr 
samples eluted with authentic [ S, G)2106. Larger molecular 
weight bands were found when tissue extracts were analyzed 
by polyacrylarnide gel electrophoresis in the study of Agrawal 
et aL (1991). They speculated that the radioactivity might 
represent longer oligonucleotides. Wc did not observe any 
evidence of these species. An alternative explanation for these 
observations might be that rhc material represented drug bound 
to oj-macroglDbulin, a protein which is found in mice (LaMaxre 
' et^, 1991). 

All these differences might be explained by variations be- 
tween species or differences caused by different sequences. 
Moreover, lvcrson (1991) reported that, at lower doses, an anti- 
rtu oligonucleotide was excreted intact in urine, which further 
suggests that there may be sequence differences. However, m 
studies in our laboratories, we have not observed such signifi- 
cant differences as a function of ipecies or the specific sequence 
of the drug. Additional studies are clearly indicated 

In summary, after i.v. adrainistration of [**C]2105 to rats, 
the iissue distribution of radioactivity was extensive and the 
radioactivity was eliminated slowly. Although the drug was 
apparently extensively metabolized, the available evidence 
shows that the rate of metabolism was relatively slow. Meta- 
bolic studies were facilitated by synthesizing an oligonucleotide 
containing ,M C-Iabeled thyrnidinc. Circulating radioactivity was 
extensively bound to plasma proteins, a phenomenon that may 
retard the renal filtration of unchanged drug. Finally, we ob- 
served binding of ISIS 2105 to af r mncroglobulin. In addition 
to providing a plasma reservoir of ISIS 2105, biding to ar 
macToglobulia could be important in mc phannacokinetics of 
TSTS 2105 because this protein has been shown to be taken up 
by various cells through a receptor- mediated mechanism 
(James, 1990). 
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I. INTRODUCTION 

Anlisense technology is a fundamentally different approach to disease treatment 
both because ii provides a simple and rational approach to drug discovery and 
because it targets a new biological templare, mRNA. The mRNA target represents 
an earlier and, by definition of the anlisense method, a more selective turgeL for 
interrupting the translation of proteins that are involved in the causse or mainte- 
nance of disease. 

The unique pharmacology of amisensc oligonucleotides requires intense 
study of their in vivo pharmacokinetics. In addition, to aid in the characterization 
of the safety of anlisense oligonucleotides, their exposure as a function of dose 
and ultimately the rates and mechanisms of clearance from the body must be 
defined. The development of these compounds as therapeutics has received in- 
creasing attention in recent years. As is often the ca.se with new therapeutics and 
chemistries, the lack of sensitive and selective bioanalytical methods precludes 
the use of unlabeled materials. Therefore, many of the studies characterizing 
animal and human pharmacokinetics have relied on radio label tracer experiments. 
Over the past few years, however, methods that provide selective, sensitive, and 
reliable quantitation of oligonucleotides in biological fluids (1-6) and tissues (7) 
have allowed characterization of unlabeled material and provided information on 
metabolism of these compounds. These methods have greatly facilitated the ad- 
vance of our understanding of anlisense phosphorothioate oligonucleotide phar- 
macokinetics. The objectives of this review arc to provide a summary of more 
recent progress in animal pharmacokinetics and to provide an integrated under- 
standing of the absorption, distribution, metabolism, and excretion of phosphoro- 
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thioate oligodeoxynucleotides (PS ODNs) in animals. Ultimately, pharmacoki- 
netics of aniisense oligonucleotides must include assessment of the kinetics of 
oligonucleotide delivery and clearance from the site of action coupled with uki- 
male pharmacological activity, aniisense inhibition of specific targcl mRNA. This 
chapter will begin to address Ihese issues by providing a review of the pharmaco- 
dynamics in the contexL of whole-animal pharmacokinetics to include tissue dis- 
rribution and clearance kinetics of parem an li sense oligonucleotide. 

II. SEQUENCE-INDEPENDENT PHARMACOKINETICS 

The existing data demonstrate that phosphorothioate oligodeoxy nucleotide (PS 
oligonucleotide) pharmacokinetics are generally independent of sequence (8,9), 
suggesting chat data from one sequence enhances our understanding of the phar- 
macokinetic characterization of other PS oligonucleotides. Antisense PS oligonu- 
cleotides are generally made up of 18-24 nucleotides linked with 17-23 phos- 
phorothioate linkages each with a net negative charge. Considering their length, 
the number of negative charges, and their hydrophilicity, it is not surprising that 
there is little effect of sequence or the order of the nucleotides on the physical/ 
chemical properties of these compounds. Given these similar properties, U should 
not be surprising that PS oligonucleotides as a class share many properties includ- 
ing pharmacokinetic properties. This hypothesis is supported by empirical evi- 
dence demonstrating that there are many similarities in pharmacokinetic proper- 
lies of different oligonucleotide sequences. For example, monkeys infused with 
1 mg/kg over 2 h with any of four different oligonucleotide sequences all have 
similar C lim , values (Fig. I). 

The rates of plasma clearance of the oligonucleotides arc also similar from 
sequence to sequence as can be seen from the similar slopes in Fig, 1. AUC 
values obtained in monkey studies also appear to be similar between sequences 
and rhen across species supporting the concept of sequence independence of the 
pharmacokinetics of these compounds (Table 1). Sequence-independent pharma- 
cokinetics has been observed for a number of sequences in all of the animal 
species examined including human. 

Tissue distribution also appears to be largely independent of sequence in 
mouse and monkey (Fig. 2). Kidney and liver always exhibit highest concentra- 
tions of PS oligonucleotides followed by spleen and lymph nodes. While subtle 
differences in tissue distribution have been observed in closely controlled studies 
presumably due to sequence-dependent differences in protein binding (10) or 
nuclease activity, these differences were not great enough to alter the relative 
order of distribution organs nor was there any measurable effect on plasma phar- 
macokinetics. Finally, mass balance excretion of two different sequences of ra- 
diolabeled PS oligonucleotide exhibited nearly equivalent excretion profiles 10 
days after single-dose administration (Fig. 3). 
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ISIS 2503 (H.ras) 
ISIS 5132 (c-ral kinase) 

ISIS 3521 (PKC-a) 
ISIS 2302 (ICAM-1) 




60 



90 



120 ISO 180 

Time (min) 



21 0 240 



Figure 1 Plasma conceptions of intact oligonucleotides dunng and 
inJZous infusion of I m S /k E of various oligonucleotides. Plasma £ 
; rac U ^ analyzed by CGE. The dau, » cussed « .he m»ci pan* oho.onudeottdes 
(each data point represents the average of three ... five monkeys). 



Tabl e 1 Gimpari„on of Monkey and 1 lunwn Pharmacokinetic Parameters 

Compound Species C Qig/mlQ AUG (w5 /min/mL) 



LSIS 2302 
ISIS 5132 
ISIS 3521 



Monkey 
Human 
Monkey 
Human 
Monkey 
Human 



4.59 ±0.16 
3.96 £ 1.02 
3.27 r 0.89 
5.96 i 2.85 
4.30 ± 0.75 
5.45 ± 1.94 



580 ± 1 1 
506 ± 56 
396 ± 85 
720 r 243 
486 t 63 
704 ± 158 



S„ of maximum conccn^on in pluma tC„) and 

curve JlJC) for boll, cynomolgpi' monkey and hurrun gl vcn cqu.vaM doses n~d on , pgnl, 
n*/k g infused over a 2-h period, inutve.KH.dy (>^P ± ***** " " 3 - 6> ' 
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Figure 2 Phosphorothioatc oligonucleotide concentrations in tissues from motive and 
monkey. Mice were (reaietl wilh ISTS 2302 for 2 weeks at 15 mg/kg every other day or 
5132, 2503, or 14803 Tor 4 weeks al 20 mg/kg every other day and sacrificed 24 h after 
the last dose. Each bar represents Ihe average of ihe concentration of tolal oligonucleotide 
in extracts from the respective tissues. Error bars are standard deviation of the mean. At 
least three animals are represented for each data point. 
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S mers T^e radioed *c is M posKum of -he thymine nucleondcs. 

Thus, plasma pharmacokinetic, and tissue distribution, clearance, and ulti- 
mately whole-body excretion of PS oli S onucleolides have been shown o be ,e- 
aucnceTndcpendcSt. This fundamental characteristic of these potent. ally use ui 
ta^cSii« provides a clear path to rapid and safe development for mu £ 
2S?S?v«5ng dishes. It is likely that as we continue to explore the 
£S£to3 this class of compound there will be sequences that exl >bn 
™ ^uenec-specinc difference. Exonuclease mctabohsm rates exa m ,ned n m 
TrTmodcls for example, differ in a sequence-specihe manner (1 1 ). Add,l,onal 
TJt .may pS Evidence that such differences can also be seen « v.vo. 
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A Intravenous Administration 
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Figure 4 Radio label equivalent concentrations (filled circles) compared lo parent oligo- 
nucleotide of ISIS 3521 (20-mer phosphorothioate o I igodeoxy nucleotide; assayed by 
CGE, open circles) concentrations following a bolus intravenous injection of 1s S-lSlS 3521 
illusiraics rapid distribution of parent oligonucleotide compared with prolonged circulation 
ol" pre.su i ned metabolites. Each time point represents ihe me:in and standard deviation of 
three to six sample* from separate animal>. 



lion is polyphasic with an additional much slower elimination phase with half- 
lives reponed from 5 lo as high as 75 h (Fig. 4), depending on the isotope used to 
label the oligonucleotide (13-18). The oligonuclcolidc-cquivalcnl concentrations 
measured in plasma arc several orders of magnitude higher than the intact drug 
concentrations measured by capillary gel electrophoresis (CGE) indicating that 
Ihe radiolabel is no longer associated with the parent by later time points. There- 
fore, this much slower apparent terminal phase is likely a function of slow clear- 
ance of radiolabel from distributed tissue and as such appears to be associated 
with primarily low-molecular- weight metabolites of the original, parent PS oligo- 
nucleotide. For IJ C-labeled PS oligonucleotides, Ihis slower elimination rate 
closely paralleled Ihe clearance of oligonucleotide from tissue (17). The distribu- 
tion portion of the plasma pharmacokinetic profile of intact oligonucleotide (par- 
ent) includes greater than 95% of the plasma AUC (internal data, unpublished). 
II can be deduced, therefore, that clearance of the parent oligonucleotide from 
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Figure 5 Plasma concentrations profiles for ISIS 2302 following bolus intravenous in- 
jections lo cynomolgus monkeys and mice. Mice (three per time point) received a 15 mg/ 
kg dose and monkeys (n = 3) received a 4 mg/kg dose. 



plasma is a function of distribution to tissue and, to a lesser extent, exonudease 
digestion/metabolism. 

Plasma clearance rates are largely species independent in rat, rabbit dog, 
and monkey and has been estimated to be between 1 and 3 mL/min/kg (8.9). 
Plasma clearance in mice has been shown lo be somewhat faster than in other 
species (see Fig, 5), ranging from * lo 14 mL/min/kg (19) (Yu ci al., 2001, J 
Pharm Sci, in press). The more rapid plasma clearance in mice appears to be a 
function of more extensive exonuclease metabolism seen in mouse plasma (5) 
or more rapid tissue distribution due to more rapid circulation to tissues in mice. 
Lt is not clear which of these plays a dominant role, but it is clear that both 
of These mechanisms play a role in plasma clearance of PS oligonucleotides. 
Nevertheless, note that PS oligonucleotide pharmacokinetics scales well across 
species utilizing allomelric correlations as a function of body weight (Fig. 6). 

Intravenous infusion has been characterized in nonhuman primate toxicol- 
ogy studies to allow the study of higher doses while minimizing peak plasma 
concentrations (8,20). This intravenous dosing strategy has been employed in 
clinical studies for administration of PS oligonucleotides (2 1 -24). After 2-h intra- 
venous infusions in monkeys, maximum plasma concentrations are seen at or 
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Figure 6 Allometric presentation of plasma pharmacy kinciic data across species and 
different oligonucleotide sequences including ISIS 2302 for comparison. Each data point 
represents the mean of three lo six animals or subjects. The doses used in the comparison 
were all -<3 mg/kg. The slope of the line is 1 for both prcscnta lions, evidence thai Tor 
all sequences the relationship is scalable directly by body weight. 



near the end of the infusion period. The plasma concentrations at the end of the 
infusion are generally seen to be dose proportional. For example, in monkeys, 
plasma concentrations of 20 mer (parent oligonucleotide) were approximately 5, 
15, and 50 ng/mL at the end of a 2-h infusion period for doses of 1, 3, and 10 
mg/kg, respectively (8.9). After the infusion was stopped, PS oligonucleotide 
plasma concentrations decreased rapidly similar to that seen following intrave- 
nous bolus injection. 
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In mice, the plasma pharmacokinetics for doses ranging from 0.8 to 1 00 
mg/kg appear to follow linear first-order pharmacokinetic principles wuh dose- 
propuriional increases in maximum plasma concentrations and AUC (19) After 
Sd dose administration to mice every other day for 28 day,, the plasma 
AUC and elimination half-lives increased at doses of 20 and 100 mg/kg, sug- 
gesting a change in clearance. After repeated administration al lower doses .n 
Lee a°nd monkeys for up to 6 months, no change in plasma clearance was seen 
(internal data, unpublished). However, the area under the plasma concern^ 
time curves (AUC) increased greater than proportional for sir « e doses adrmm - 
tercd tonus and monkeys al doses ranging from 1 to 30 mg/kg (Table 2). Collec- 
tively these data suggest saturation of some disposition pathway ai ihe h.gher 
doses that appears to occur only aller repeated dosing in mice but » observed 
acutely in other animal species including humans (22). These nonlinear kinetics 
are characterized by slower apparent distribution hall-lives at h.gher doses and 
a slowing in overall plasma clearance al higher doses. As will be described in 
metabolism sections in greater detail, it is now evident that the extent and rale 
of metabolism in vivo of PS oligonucleotides in plasma are not affected by m- 
creased dose (19) (Yu et al., 2001, J Pharm Sci, in press). However, distribution 
to organs that take up a large fraction of the oligonucleotide dose (liver and 
kidney) appears to saturate « dose increases (25-27). Taken together, these data 
suggest that the nonlinear behavior observed in plasma clearance may he related 
io "saturation of distribution to major organs of distribution. 

Longer-term continuous infusion may have the advantage of providing pro- 
longed exposure of the oligonucleotides to organs thai do not readily take up 
oligonucleotide. Some initial evidence of this was observed in early continuous 
infusion studies reported by Iversen el al. (28). A direct comparison of rapid 
infusion and continuous infusion of ISIS 3521 in rats and monkeys has confirmed 
thai higher tissue concentrations can be achieved (Geary cl al.. in preparation). 
These increases in tissue concentration are achieved in both major organs or 
distribution thai exhibit saturable distribution and other tissues and organs thai 
take up much smaller fractions of the oligonucleotide dose (Fig. 7). Upon continu- 
ous infusion, plasma concentrations of oligonucleotide achieve steady stale by 8 
h in rais and monkeys, consistent with rapid clearance from plasma. Alier 5 days 
of continuous infusion, the concentrations remain constant in plasma and then 
fall rapidly after the infusion is stopped. There does not appear to be any change 
in clearance even afier 5 days of continuous infusion in rats (Fig. 8). These data 
taken together suggest that saturation of distribution may be an acute equilibrium- 
binding phenomenon on the surface of cells and tissues rather than true saturation 
of uptake into the organ or tissue. As will be discussed in more detail in the 
following sections, uptake in cells associated with tissues or distribution is be- 
lieved to occur in sequential sieps that require initial binding to tissue proteins 
followed by as yet poorly understood aclive or passive internalization inio cells. 



01/16/2003 19:26 FAX 760 603 3820 



PATENTS 



I ■> WOODCOCK 



128 



Geary et al. 



II: 



o 
H 



«9 



c: 
o 

o 
Q 

m 
O 

Q 



£ 
E 

CM 
Q 

3 



>.S - 

s 55 y 

— » <w< 



o -r 
-=s 

3 <n 2 



u 04) 

a 5 

1 X 

ea o 

a* -a 



o m - 



M (S _ 

rs m — 



n 2 o g 



_ in vO 

o • r- oo 
m £ m • 



■1 vO 00 ps 

* S N 



— ^ 

on r- g ^ 
<n *o °* o 



-r *o — 

*0 *ir VO 



CM S OO g 
lO 2 CM • 



J A 60 

■J 5 s | 

ED a _* 

O < 3 u 



ieary et al. 



Pharmacokinetic Properties in Animals 



129 




Error bar is the standard deviation. Dose: 3 
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Figure 8 Plasma concentrations of radiolable equivalent oligonucleotide (filled circles) 
compared with intact ISIS 3521 (20-mcr PS oligonucleotide, assayed by CGE, open cir- 
cles) during a 5 -day continuous infusion study in rats. Sicady-siate concentrationii of parent 
compound us welt as total radiolabel were achieved by 24 h consistent wiih the rapid 
disposition kinetics. Each time point represents the average and standard deviation of three 
to six samples from separate animals. 



solizcd liquid containing oligonucleotide (30) (Templin et aL 2000, Anri- 
sense Nucleic Acid Drug Dev, in press). Nevertheless, oral absorption of this 
class of compounds is poor likely due to the extreme conditions encountered 
in the gastrointestinal tract resulting in poor stability coupled with poor permea- 
bility across the gastrointestinal epithelium (10,31,32) (Geary er aL 2001, in 
press). 

1 . Parenteral Administration 

Treatment of systemic conditions by direct intravenous injecrion of anliscnse PS 
oligonucleotides bypasses absorption barriers for delivery of these compounds. 
However, peak plasma concentrations generated by rapid injection directly into 
venous blood is prohibited by hemodynamic effects thai occur at high oligonucle- 
otide plasma concentrations. Therefore, slow inrravenous infusion (either 2-h or 
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continuous infusion over days) has been adopted for direct systemic delivery. 
These regimens have the disadvantage of being inconvenient for both the patients 
and the healthcare professionals caring for the patients. 

Intradermal injection of "C-labcIed ISIS 2105 (human papilloma virus and- 
sense) was explored as a potential route for local treatment of genital wans. 
However, ISJS 2105 was rapidly absorbed from Lhe injection site (18) in rats 
with approximately 65% of the dose absorbed wirhin the first hour. Peak plasma 
concentrations were observed within 30 min. This was later confirmed in clinical 
trials (29). While this represented a failed approach to localization of the oligonu- 
cleotide, it provided a clue that delivery into well-perfused regions in the body 
could result in nearly complete absorption of these compounds. 

Subcutaneous administration of PS oligonucleotides likewise results in 
nearly complete absorption of these compounds over time (26,30). Subcutaneous 
injection also slows the input of oligonucleotide as compared to direct intrave- 
nous injection and thus results in lower maximum plasma concentrations (Fig. 
9). This characteristic of subcutaneous administration is attractive for clinical 
purposes because it allows for rapid injection along with the convenience of self- 
administration without inducing the high plasma concentrations associated with 
established threshold for hemodynamic changes seen in monkeys (33,34). Al- 
though evidence of complement activation in the clinic has not materialized to 
date, the added convenience of self-administration should not be minimized. Fur- 
thermore, subcutaneous administration of PS oligonucleotides has been imple- 
mented in long-term safely studies 1-6 months in duration when repeated intrave- 
nous administration was not practical (internal data, unpublished). 
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2, Nonparenteral Administration 

Pulmonary, oral, and rectal routes of administration Tor PS oligonucleotides have 
been explored. Intratracheal administration in rats resulted in significant, albeit 
dose-dependent bioavailability of ISIS 3521 (CCP 64I28A) (30,35). The dose- 
dependent absorption may be the result of local irritation or inflammation caused 
by high localized concentrations of PS oligonucleotides. However, experiments 
with permeability markers appear to suggest that functional integrity of the tra- 
cheal or lung epithclia was not compromised. Thus, the increased absorption at 
higher doses may be related to a saturable absorption-limiting local tissue binding 
in the lung. Direct pulmonary delivery to mice using aerosolized "naked'* PS 
oligonucleotide, ISIS 2105, administered at doses of 1.2-12 mg/kg, also resulted 
in dose-dependent systemic absorption. In this experiment, however, mild in- 
flammatory response was observed at the 12-mg/kg dose. At doses at or below 
3 mg/kg, toxicity of the lung was minimal to absent and resulted in excellent 
local exposure of most cell types in the lung (Templin et al., 2000, Andsensc 
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Figure 9 Plasma concentration profiles of intact ISTS 2302 (20 rner) as a function of 
lime fallowing single subcutaneous or intravenous bolus adminhiMinn of 1 5 nWkg in 
mice. Each nmc point represent* the average of three animals. The error burs are sundnrd 
deviation. 



Nucleic Add Drug Dev., in press). Other reports have shown impressive data 
supporting the utility of direct pulmonary delivery of antisense PS oligonucleo- 
tides lor treatment of inflammatory diseases such as asthma (36.37). 

Oral administration represents the most desirable route of administration 
for the convenience of treatment in the clinic, particularly for chronic diseases 
However, the oral bioavailability of PS oligonucleotides is poor, with less than 
\ % of a radiolabeled dose absorbed (10,30). The permeability of PS oligonucleo- 
tides has been shown to be low using both in vitro methods (31) and an in silu 
rat intestinal method (32). 

Improvement in permeability on the order of two- to fourfold was achieved 
by chemical modifications that will be common for the next generation of anti- 
sense oligonucleotides (38). We have also characterized the stability of PS oligo- 
nucleotides in the gastrointestinal tract and il is clear that they are susceptible to 
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MM (K 0 z) for albumin (40). Binding lo plasma proteins has been shown to be satt- 
and pH-dependent, suggesting that the binding is likely a nonspecific electrostatic 
interaction. The binding affinity of PS ODN to Ok-macro globulin was found to 
be greater than albumin. Using surface plasma resonance (SPR), the dissociation 
constants were determined to be 4 nM (K m ) and 72 nM (Koi) for (Xi-macroglobu- 
lin (internal data, unpublished) for another 20-mer phosphorothioate oligodeoxy- 
nucleotide. 

Tn contrast, binding a 20-mer PS ODN, ISIS 2302, to a.-acid glycoprotein 
(AAG), another high-capacity plasma protein, was negligible (internal data, un- 
published). The levels of AAG in plasma of Crohn's disease patients is known 
to be increased (41) and these altered levels can affect the kinetics of drugs bound 
to AAG, Such is the case with the P blocker propanoloL The apparent lack of 
oligonucleotide binding to AAG makes it unlikely that AAG alterations in 
Crohn's patients will impact the pharmacokinetics of antisense oligonucleotides 
administered to this patient population. 

Phosphorothioate oligonucleotides have been shown to bind to other less 
abundant plasma proteins, sometimes with high affinity. For example, SPR analy- 
sis demonstrated that PS ODN bind to thrombin-binding sites with relatively high 
affinities of 30 nM (K ul ) and 230 nM (AT*) (internal data, unpublished). Factor 
11 (33) and components of the intrinsic tcna.se complex (42) have also been shown 
to bind with PS ODN. The binding of PS oligonucleotides to these proteins in 
serum at high concentrations of oligodeoxynucleolidcs appears to disrupt normal 
enzymatic function and likely explains acute hematological effects observed in 
monkeys (33). 

Protein binding may explain many other pharmacokinetic properties of IS IS 
2302. The high degree of protein binding in circulation prevents any significant 
urinary excreiion. Therefore, there is lirrle glomerular filtration of the protein- 
bound oligonucleotide and the excretion of intact compound in urine is a minor 
pathway for its clearance from plasma (19). In mouse toxicology studies with 
doses ranging from 0.8 to 100 mg/kg, urine excretion of intact oligonucleotide 
was seen to be dose dependent as increased excretion was observed with in- 
creased dose. Thus, urine excretion occurred as concentrations of oligonucleotide 
exceeded the capacity of the plasma binding. Only after bolus intravenous injec- 
tion of high doses (20 mg/kg) of ISIS 5132 in mice are plasma concentrations 
high enough to increase unbound fraction of oligonucleotide resulting in urinary 
excretion of intact oligonucleotide. However, saturation of plasma prOLcin bind- 
ing occurs only at plasma concentrations many fold higher than those achieved 
at therapeutic doses in the clinic (Walanabe et al., manuscript in preparation). 
The negligible renal excretion of oligonucleotide provides greater opportunity 
for PS oligonucleotide to distribute to peripheral tissues, the site of action. 

Protein binding of PS oligonucleotide is reversible and exists as an equilib- 
rium between high-affinity and low-affinity proteins. Some protein binding is 
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to approximately » l% < 43 >- ' ™-«»*- 0 * F . TlncreasinR the free fraction of 
of the PS oligonucleotide in v,vo was 50 ^^J^,^ in plasma 
PS oligonucleotides resulted in decreased expose ot ohgc » ^ 
and tissue with concomitant n in^^Son and 

displacement of oligonucleotide from p M n concenlrat ions 
an overall decrease in ^^^t ^ W higher than arc 
of aspirin required 10 ^. dCtmcm w /s not examined. Never- 

clinically relevant. The ^^J^ 6 ^^^^ 0 f die interaction 
ihrie». these data point to the need ^^^^^^ albumin or 
or PS oHgonuclcoilde binding with other drugs that Dinci to 
other relevant plasma proteins. 

IV. TISSUE DISTRIBUTION AND CLEARANCE 

Rapid clearance of PS oligonucleotides ^^.^^ ^ThTgheTt 

STLtacn. and lymph nodes (Fig. 1 1 ), but PS oligonucleotide can be w«ed 
Hrnost every tLue, except brain. ^ / te JT^^^SS 
Cell-specific distribution within kidney and l.ver has been extensively ' =>iua,c 
Ss XT Once aaain the similarity between the distribution observed for PS 
o^lSSTiiou. species provides evidence that ^J^**^™ 
"Cw driven by their chemical class and not by their specific sequence (9 
Tta J« hSTor rt-ue distribution of PS oligonucleotide be^PJ*" 
2uS? the primary reason for the similarity in plasma lcinet.es between 

lary gel electrophoresis (51). 
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Figure 11 Comparison of the (issue concentration profiles for Loial oligonucleotide as- 
sociated with ISIS 2302 across species. The monkey tissues were collected 48 h after the 
last dose following 28 days of dosing of alternately dosing of 4 mg/kg. The rat tissues 
were collected 48 h after the last of four doses administered on an alccrnaic-day schedule 
for I week al a dose of 20 mg/kg. The mouse tissues were collected 24 h after ihc last 
of seven aUcrmiie-day doses of 15 mg/kg given over a 2-wcck period. Each bar represents 
at least three animals. Error burs are standard deviation. 



Once PS oligonucleotides arc distributed into tissues, their clearance is rela- 
tively slow (I7J9,20). Initial distribution into tissues is associated with binding 
of the oligonucleotide to extracellular matrix, mrerstitium, or loosely bound to 
the cell membrane. However, by 4 h after intravenous administration in rats ap- 
proximately half of the oligonucleotide measured in the liver was located intraccl- 
lularly (51). By 24 h after injection very little oligonucleotide remains bound to 
extracellular components. Thus, it is likely that whole-organ pharmacokinetic 
evaluation after 24 h will represent intracellular exposure and whole-organ clear- 
ance will parallel cellular clearance. Tissue half-lives were comparable across 
species with the longest clearance half-lives seen in monkeys (Table 3). The 
relative rates of tissue elimination of ISIS 2302 in ruts and mice and ISIS 3521 
in monkeys are consistent with that reported for other PS ODN (17-19). 

Thus, while PS oligonucleotides arc cleared quickly from blood, their resi- 
dence time in tissues in all species examined is relatively long. The relatively 



01/16/2003 19:29 FAX 760 603 3820 



PATENTS 



I ■» WOODCOCK 



tal. 



■ as- 

■ the 

4UCS 

Jule 
last 
cms 



ila- 
ing 

Iro 
ap- 
;cl- 

I LU 

;lic 
;ar- 
oss 
The 
ill 

;si- 
ely 



Pharmacokinetic Properties in Animals 

Table 3 Comparison ol" Tissue Elimination Hair- 
Lives (in Days) for InLact Oligonucleotide in Rudcnis 
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Figure 12 Simulated oligonucleotide concenirations compared with measured concen- 
trations in monkey kidney cortex following repealed intravenous dosing by cither alter- 
nalc-day or daily dosing regimens. (Top) Data Pgr ISIS 3521—28 days of dosing every 
oibcr day: (middle) data for ISIS 2302— 28 days of dosing daily; and (bottom) daia for 
ISIS 2302 doses on alternate days Tor 1 month on and then 1 month off, repeated ihrcc 
times. Both total and parent oligonucleotide arc represented in this simulation. 
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it is clear thai steady-state concentrations were predicted on the basis of single- 
dose kinetics of a related 20-mer PS ODN. 

Data from repeat-dose pharmacokinetic studies indicate that tissue concen- 
trations of PS oligonucleotides can be maintained with cvery-other-day, or. by 
inference, 3-rimes-pcr-week treatment regimens. Thus, these dose regimens are 
appropriate for toxicity evaluation or therapeutic activity, because they maintain 
exposure to PS oligonucleotides in target organs for the duration of treatment and 
for some period of time thereafter. Complete clearance from tissues is predicted to 
occur by 2-4 weeks after cessation of dosing. 

Although tissue exposure was dose-dependent, tissue concentrations in 
liver, and to some degree in kidney, increased less than proportional to dose 
(Fig- 13). Tor example, liver concentrations increased only fivefold as the dose 
increased from 2 to 20 mg/kg (22 ± 13 ^ig/g and 122 ± 23 u.g/g, respectively). 
Nonlinear tissue distribution was observed for both the parent oligonucleotide 
and total measurable oligonucleotide (including chain-shortened metabolites). 
Since liver accounts for the greatest percentage of dose distributed to tissue, satu- 
ration of the oligonucleotide distribution correlates with greater than dose-propor- 
tional increases in plasma C mn and AUC values together with a decrease in 
plasma clearance described earlier. 



V. METABOLISM AND EXCRETION 

Metabolites of PS ODN are evident in both plasma and tissues almost immedi» 
ately after dosing. Metabolism occurs predominantly through cxonuclease-medi- 
ated cleavage of nucleotide residues from the parent oligonucleotide (3,5,6). 
There is no evidence that hepatic microsomal enzymes play a significant role 
in the elimination of this class of compounds (1 1). Exonucleases cleave single 
nucleotides from cither the 3' or 5' end of the molecule, liberating mononucleo- 
tides and oligonucleotide metabolites that arc shortened by one nucleotide. The 
first oligonucleotide metabolite is 19 nucleotides in length, and is referred to as 
a 19-mcr or the N-l metabolite. This metabolite continues to be shortened until 
it is completely degraded or the "shortmcrs" are excreted in the urine. Evidence 
for this progressive metabolism is found in electro pherograms showing the profile 
of metabolites over time (Fig. 14), The metabolism is progressive such that an 
N-l metabolite is the primary oligonucleotide metabolite followed by N-2, N-3, 
etc., as more nucleotides arc sequentially removed. 

The metabolic fate of PS ODN follows many, if not all, of the same path- 
ways as endogenous nucleotides, nucleosides, and bases. Studies with PS oligo- 
nucleotides have exploited different radiolabeling schemes and a number of bio- 
analytical techniques to obtain a thorough understanding of the metabolic fate of 
the nucleotides and bases, as well as sulfur on the thioate linkage, the xenobiotic 
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Figure 13 Distribution of oligonucleotide to liver and kidney as a function of total 
administered dose. ISIS 2302 and total oligonucleotide concentrations in liver and kidney 
from cynomolgus monkey are plotted against total dose administered. The doses were 
given as follows: 2 mg/kg given every other day for 28 days (wtal dose or 28 mg/kg), 
4 mg/kg given every other day for 28 days (total dose of 56 mg/kg), and 20 mg/kg given 
every other day for the same period (total dose of 280 mg/kg). Approximately a 10-fold 
increase in dose resulted in less ihan a fourfold increase in TSTS 2302 concentrations in 
liver. Similar decrease in the amount of total measurable oligonucleotide Liken up by liver 
i issue was seen over this dose range. 



component of PS ODN. Mass balance studies using ISIS 2302 radiolabeled at 
rhe C-2 position of the thymines provided significant information on the metabo- 
lism of the oligonucleotide and the specific fate of the pyrimidine bases. In these 
studies, all excreta and expired air were collected from rats treated with "re- 
labeled [S[S 2105 (17,18). Liberation of t4 C0 2 was the primary route of clearance 
of pyrimidine-derived radiolabel. Approximately 50% of the radiolabcl is cleared 
over the course of 10 days as l4 CO>. Two other 20-mcr PS ODN of different 
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sequence (ISIS 2922 and ISIS 2302) bui equivalent label type and position have 
Z Z d SnlL mass balance profile., of metric fate <^ 
lished). Taken together, these dan sufigest that the pattern of metabolism «s com 
mon for the class. 



A. Nuclease Metabolism 

The successive removal of bases from the 3' end of PS ODN is the major pathway 
toSr^oo in Piasma (4,5). while both 5' and 3' cxonucleasc exc 
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sion may occur in tissues (2,3,6). LC/MS and end-labeling techniques have been 
applied to allow differentiation and identification of ihc shortened merabolites. 

Thus, exonuclease-mediatcd metabolism produces a metabolic pattern of 
progressively shorter metabolites each shortened by a single nucleotide Metabo- 
lism by endonucleases would be expected to produce a metabolite pattern charac- 
terized by an irregular distribution of shortened metabolites and an enrichment 
of metabolites cleaved at specific intervals; for example, a IQ-mer metabolite 
might be observed in the absence oi' the 1 1 - or 1 2-mer. Phosphorothioate oligonu- 
cleotide metabolites consistent with endonuclease activity have not been observed 
in studies with PS ODN (5 J 1, 19). 

As PS ODNs are metabolized to shorter oligonucleotides after intravenous 
administration, the percent of oligonucleotide in plasma that is represented by 
full length (20 mer) drops from approximately 91% immediately following intra- 
venous administration, to 65% by 10 min after injection in mice (19). Subsequent 
to this initial rapid shortening, however, the percentage of full-lengrh ISIS 2302 
slowly decreases over the next 3-4 h (fig. 15). This apparent change in metabolic 
rate over time is observed in every species studied including human (21). The 
biphasic nature of the metabolism profile in plasma is poorly understood, but is 
thought to be related to the stereochemistry of a PS ODN. 

The sulfurization process produces a random distribution of R and S chirai 
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Figure 15 Rale and extent of meuiholism seen in plasma and compared acmss species. 
Percent intact is the percent of total measurable oligonucleotide represented by parent 
ISIS 2302 (20 mer). Each point represents the average of three to six individuals. 
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m , each phosphorothioate ^J^^Z^^ 
centers. Therefore, phosphor* ^^^Sn^y 2™ isomers in the 
of Rp- and Sp-phosphoroth,oate ™ slerc0 i S omer is much more 

mixture. The rate of exonuclcase c£«* £ J^.^ of any single mc , c . 
rapid than for the Sp .Miner (57 -59 d unt ,i lh c exonuclease reaches 

cole of ISIS 2302 is expected to be "J-J^"J * where metabo Usm is 
an S P linkage al which point it would. to». ! n P n ^ tcnd lo fa vor 
almost exclusively from Ihe 3 f ^ e. If approximately 50% 

IS IS 2302 metabolites ^^,2 mctabo.ism would slow as the 
of the linkages are Sp, then it woufl iio ^ 0 , igomcrs 

population of oligonucleotides became mo e and more 50% 
Lt have the more slowly metabolized S P \ nkage- Becaa PP 
of me oligonucleotide — ^^^^ when approximately 
phoroUiioatc linkage, metabolic slowing wou 

50% of the parent compound remains . stereoisomers it has 

In the absence of techniques to *^^*"^ I|y occurs . However, 
nc , b ecn possible to *~ 
kinetic modeling was performed d in viv0 . The pharma- 

might resuli in a pharmacokinetic P^«^™ ^ „ cach , inUage for rapid 
kinetic mode, was ^^^ v ^o^iS«lc pattern produced by 
(3-min Rp) or resistant (3-h Sp) ^ va » c .\'3 suaMsU „ B thai stereochemical 
this model is very similar to that observedu « o^ugg = 
differences in metabolic rale could, at lean the «^ *■ P f ^ 

metabolism observed in the plasma °'^ P R ^^^^^^ present 
by a differential wot ^'^^^oWlSTihi. was observed in 
at each phosphorolhioale linkage ol ^? »J-J* ^ dllto l trials 

all species exposed to the drug such - ial for this stcfe o- 

evaluatcd the. drug under conditions where thue was the potcm 

'^^^2302 is always the most abundant oligonucleotide *■ 
in mouse or monkey. After repeated admin .is ration on 
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Figure 16 Plasma profiles for parcm drug (LSlS 2302) and its shortened oligonucleotide 
meiaboiitcs in monkeys following bolus and 2-h intravenous infusion al a dose or 4 mg/ 
kg (Study No. 2302-APK05). Each data point represents (he iiveragc of three monkeys. 



tissue (19,26). The remainder of the oligonucleotide thai could be effectively 
measured was in the form ol 19 \o 16 mcrs. While oligonucleotides shorter than 
these have been observed, the levels detected were low and their contribution to 
the oligonucleotide burden was not great. The metabolites of PS oligonucleotides 
in tissue tended to diminish in parallel with one another such that the fraction 
detected intact diminished only .slightly with time. In monkeys after intravenous 
administration oi"4 mg/kg, intact TSIS 2302 represented approximately 45-60% 
of the total oligodeoxynucleotide measured in liver and kidney at 4 h and 35- 
45% after 48 h (internal data, not published). 

Metabolites have been identified in tissues with clution profiles that could 
not be the result of single nucleotide excision. These metabolites, found exclu- 
sively in tissues, migrated more slowly Lhan the parent oligonucleotide suggesting 
greater mass or lower charge-to-mass ratio. Mass spectral analysis of these metab- 
olites demonstrated fragmentation patterns that were consistent with Ihc addition 
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t Me or more nucleotide bases to ihe parent oligodeoxynucleotide (60). Typi- 
! ,W h^Z-n S ing metabolites comprised less than 1 0% of ihe tola! ohgo- 
££2 «£L lured at 24-48 h after administration. It is unknown , whe he 
tse metabolites are pharmacologically active although at least one-ta-* ol 
the donation forms should be a perfect match to the mRNA sequence^ug- 
^ere should be some pharmaco.ogica. ^t^J 
farwr metabolic products clear from tissues along w, h ISIS 2302 and Je omer 
Ihonened oligonuc.eof.de metabolites in mice at similar rates (internal data, un- 

published). 

B, Excretion 

For each chain-shortening event one mononucleotide is release 
of the oligonucleotide should be excreted as a low-mo ecular.we.eht meUbol £ 
t urine In studies with radiolabeled PS oligonucleotide, there ,s evince for 
met.bo.ites in plasma, urine, and tissues Quit are poor y 
etaincd on anion-exchange HPLC and elute near the void volume (13). In > arte, 
ut S Vlabelcd ISIS 2302. more than 90% of the rad.olabe recovered in 
S s'associated with these poorly retained metabolites <^*%™*£ 
Ushcd) Because the "C isotope is associated with thymine, it is likely that these 
1 o y'retained species arc low. m o.ecu.a,weight oligonucleonde fragments or 
leased thymine nucleotides. That they are present m urine w.thm I h of dosing 
Explicates .heir early excision from oligonucleotide 
chain-shortened oligonucleotides are apparent in aieulinon and utsut. These 
early eluting peaks were present at early time points bu, did not accumulate ove 
lime These data indicate that there is both the formation and the clearance of 
low-molecular-weighl metabolites of ISIS 2302 in laboratory animals. 

Urinary and fecal excretion represent minor pathways lor elimination of 
parent oligonucleotide. Assay methods specific to parent compound ^«***" 
urinary excretion is dose-dependent and only accounts tor less than 0-5% of the 
doseTt clinically relevant doses (19,21.61). ISIS 5132 administered to mice over 
a dose range of 0.8-100 mg/kg resulted in increasing amounts of parent oligonu- 
cleotide apparent in urine (19). At the lowest dose, no measurable parent drug 
was seen while at the highest dose of 100 mg/kg. approximately 6% of the dose 
was excreted in the urine over a 24-h period immediately following mjcction. 
The majority of the oligonucleotide observed in urine wu consistent ^^ham- 
shortened oligonucleotide metabolites. Even with this, the total oligonucleoude 
measured in urine following a dose of 4 mg/kg in mice was 3.7% of the adm.nis- 

tered dose, , . 

Regardless of radioisotope used, fecal excretion of radiolabel has been con- 
sistently less than 5% of the administered dose (13.17,26). Some evidence of 
parent oligonucleotide excretion via the bile has been shown in our laboratories. 
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although the extent of excretion is very low (less than l% of the dose; internal 
data, unpublished). Thus, urine and fecal excretion combined contribute liltlc 
lo the clearance of intact parent oligonucleotide. Thus reports of high levels of 
radioactivity excreted in urine and feces arc related to shorter oligonucleotide 
metabolites and to label itself (not associated with oligonucleotide). 



VI. SECOND-GENERATION PHOSPHOROTHIOATE 
OLIGONUCLEOTIDES 

Several investigators have described favorable pharmacokinetic characteristics 
associated with 2'-ribose alkoxy modifications of phosphorothioate oligonucleo- 
tides (62-64). The 2'-ribose sugar modification essentially converts the deoxy- 
nucleotide to a ribonucleotide and, depending on the chemistry applied to the 2' 
position, has the ability to provide profound protection from exonuclease metabo- 
lism (38,65,66). Because the backbone of this new generation of oligonucleotides 
remains as the negatively charged phosphorothioate, plasma-protein-binding 
characteristics are not substantially altered (internal data, unpublished). There- 
fore, excretion in urine is low (less than 5% of the administered dose) and, like 
their oligodeoxynucleotidc cousins, distribution to tissue is broad and rapid, 
nearly complete within a lew hours after intravenous administration. Distribution 
to tissues is similar to that of the PS oligodeoxynucleotides with liver, kidney, 
spleen, and lymph nodes exhibiting highest concentrations of oligonucleotide. 

Although many of the pharmacokinetic attributes assigned to phosphoro- 
ihioalc oligodeoxynucleotides also apply to 2'-riboscmodified PS oligonucleo- 
tides, nuclease metabolism is markedly reduced. Circulating chain-shortened me- 
tabohtes arc not detected in plasma. Furthermore, CCE profiles of oligonucleotide 
distributed to tissue exhibit very few shortened metabolites even several weeks 
after a single injection of these compounds (Fig. 17). This robust characteristic 
has resulted in prolonged elimination hair-lives in the body (67). Half-lives of 
miact 2'-meihoxycihyI ribo.se oligonucleotides ranged from 7 lo 1 5 days de- 
pending upon tissue assayed, in monkeys, suggesting that once-weekly dosine 
may be feasible. 

As previously described, the improved stability of these compounds ap- 
pears to result in unproved absorption following oral or intraintesiinal instillation 
in rats (32,68) (Geary ec al., manuscript in preparation, 2000). Since permeability 
in the intestine is low and absorption rate slow, retaining the inraclness of the 
compound for several hours should result in improved fraction of dose absorbed 
Estimates as high as 5% oral bioavailability of intact 20-mcr 2'-modified oligonu- 
cleot.de has been reported (Geary et al.. 2000, manuscript in preparation). 

Because the binding affinity of these second-generation chemistries to their 
target mRNA is also improved (69), potency both in vitro and in vivo is expected 
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Rqure 17 Representative clcarophcrogram of extracted monkey kidney cone* coU 
lecled 1 6 days aner single dose adminisiraiion of ISIS 13650, a 2'-mcthoxy eihyl-mod.hed 
oligonucleotide targcling human c-ra/mRNA. ISIS 13650 is modified on the s.x icrmmal 
nucleotides flanking both the -V and 5' end of the 20-mcr sequence. 



io be improved compared to the first-geiteralioti PS ODN. The improved stability 
in vivo will further reduce the total doses required to elicit an anlisensc effect. 
Taken together, improved potency, bioavailability by nonparenteral routes of ad- 
ministration, and reduced dose schedule provide an attractive opportunity for 
treatment of unrneL medical needs including chronic diseases such as inflamma- 
tory diseases, diabetes, and even cardiovascular diseases. 



VII. PHARMACODYNAMICS CORRELATE WITH TISSUE 
PHARMACOKINETICS 

The success of the amisense approach to therapy relics on the cellular distribution 
of the intact PS oligonucleotide. That is, antisense reduction of the expression 
of target mRNA relies upon suborgan distribution to the target cell type and, 
furthermore, subcellular distribution to the site of binding to its complement 
mRNA. The onset and duration of anlisensc therapeutic activity in the target cell 
type will provide the most reliable kinetic predictor for dose amount and fre- 
quency of administration. 

The pharmacokinetics of PS oligonucleotides are characterized by rapid 
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Figure 18 Northern analysis of c-raf kinase mRNA levels in whole-mouse liver mea- 
sured as the pcrcem ofuntreatcd control animals. By 3 days after aniisen.se PS oligonucleo- 
tide treatment I he mRNA levels had returned to baseline (100% of control). These pharma- 
codynamics are consistent with elimination kinetics of PS oligonucleotides from liver 



dislnbution from blood into tissues followed by prolonged residence in tissue 
By 24 h after administration of a single dose of PS oligonucleotide the oligonu- 
cleotide resides intracellular^ in most tissues, excluding brain. Within tissues 
the distribution of oligonucleotide varies by cell lypc but appears to be prcsem 
in most cell types ai some level (51). Intracellularly, more oligonucleotide ap- 
pears to resides in the cytosol although higher concentrations are seen in the 
nucleus likely due to its smaller volume, 

In preliminary in vivo pharmacodynamic experiments conducted in our lab- 
oratories, antisense pharmacodynamics in the liver closely parallel rhe pharmaco- 
kinetics of elimination of PS oligonucleotide from thai organ (Fig 18) The ob- 
served reduction in mRNA levels lasted approximately 1-2 days following 
intravenous administration of a mouse c-raf kinase antisense PS olicodeoxy- 
nuclcotide while the half-lilc of elimination of PS ODN in the liver is approxi- 
mately 2 days in mice. (Table 3). By 3 days after administration the mRNA had 
returned to baseline concentrations. Reccndy, investigators in our laboratories 
reported a single-dose pharmacology of ISIS 22023. a 2'-melhoxy ethyl modified 
pnosphoroihioate oligonucleotide (second-generation) targeting mouse FAS 

c A< ? A J" ' h . iS SlUd * ISIS 22023 func «<™»y down-regulated expression of the 
mRNA m mt,use li v er I""' at least 10 days (70) following a single subculane- 
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ous injection. By 14 day* after a single dose of ISIS 22023 the mRNA levels 
had returned to baseline expression levels. ,r lffoni , c w,ides 
Thus, the pharmacokinetics and pharmacodynamics of PS ol.gonockond,, 
appear to be well correlated in vivo and support once-a-day or cvery-other-day 
sSc dosing for hrst-generation PS oligodcoxynudeolide chemistry. Mo e 
Svenient dostng schcduTes appear possible with 

other-week dosing of the second-generation 2'-ribose sugar-modified PS ohgo 
nueleo^es indicated by initial evaluation of their pharmacok.nclic and pharma- 
codynamic characteristics. 
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VIII. CONCLUSIONS 

Pharmacokinetic studies of PS ODN demonstrate that they are well absorbed 
par- ra. sites, rapidly distributed broadly to all peroral ^sue.s do not 
crcTs th blood-brain barrier, and are eliminated primarily by slow metabo i sm 
tissues. Pharmacodynamics are well predicted by tissue uptake and elimination 

^^foSnucleotides are metabolized by exonuclease digestion. Further 
m etabolism of the released mononucleotides follows normal «f^>"«^ 
lism of these compounds resulting in ultimate excretion of small-molecular- 
weTght me ubolitcs in urine and expired air. Excretion of the parent oligonucleo- 
Ude in urine and feces is a minor pathway for elimination of these compounds 
with less than I % of the dose excreted in the form of parent compound. 

The pharmacokinetics of PS oligonucleotides in animals predict human phar- 
macokinetcs and suggest similar distribution kinetics. In i « ho ^ onc ^ ll y^; 
nating-daydosingshould be feasible.Thisdosingschedulew.il result in continuous 

lideconcentrationsinlissucs.^ 

is not seen owing to rapid distribution into the tissue. This P rov,de S a favorable 

animate* losing routes for mogadons of mis chermea. 
genemionoligonucleotides^wil^ 

oligonucleotide therapy. Understanding the pharmacok.net.cs of PS «>>8^» 
udLallowsforrationalimprovcme^^ 

In general, the pharmacokinetic properties of this class ot compounds appear to be 
largely driven by chemistry rather than sequence. 
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